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The photcn moncchromator, designed and built in
this laboratory by Walter end Shea and also studied by
Lalaker, has been further developed in the course of the
present research. The transmission of the device has
been improved by a factor of 2.6 and the electron count
rate reduced by a factor of three. Konoenergetic photons
produced by the monochromatic technique have been studied
at incident electron energies of 1.54, 2.30, and 2.86 KeV
These studies reveal that the monoenergetic photon pro-
duction equals that predicted by theory and measured in
previous experiments over the energy ranee of interest.
The moncenergetic photons, with an energy spread of less
than two percent, have been used to study the pair crea-
tion cross section ever the incident photon energy range
of 1.2 to 2.0 KeV for the elements tin and lead.
Particular attention has been given to the pair
creation cross section for tin and lead at the incident
photon energy 1.533 KeV since the exact calculations of
Jaeger and Hulme are available. Use of the monochromatic
|technique enables a study of the pair creation process,
variable over incident photon energy, to be made. The
cross sections measured are absolute values which are not




The cross section measurements, made at photon
energies of 1.20, 1.533, 1.57, 1.71, 1.85, and 2.0 MeV,
five the ratio of experiment to the theory of Bethe and
Heitler, 6 (EXP)/ <3p (B ~H )> as 2.60 + .7 at 1.20




same ratio for tin is 1.52 •__ at 1.20 MeV decreasing to
-.35
1.33 +-2^ at 2.00 MeV. The ratio of the experimental
-.21
cross sections to the exact calculations of Jaeger and






As one of the most fundamental and important of
the electromagnetic interactions, the process of electron-
positron pair creation by photons has been the subject of
intensive theoretical and experimental Investigation.
Among the first theoretical studies was the work of
Heitler and Sauter who provided a calculation of the
total cross section at a photon energy of 2.657 MeV.
The earliest comprehensive study of the pair
creation cross section was formulated by H. Bethe and
2
W. A. Heitler in 1934. Their Born approximation calcu-
lation produced expressions for the cross section differ-
ential in positron energy for a given incident photon
energy, the total cross section for a given incident
photon energy, and for the screening effects of the orbit-
al electrons.
H. R. Hulme and J. C. Jaeger, in 1936,
conducted exact calculations at the photon energies of
1.533 and 2.657 MeV for the element lead. J. C. Jaeger4 »5
later extended this calculation to include the total
cross section for tin and terbium at the incident photon
energy 1.533 MeV. These papers also reported computation
of the asymmetry factor, a measure of positron energy
-1-

distribution shift due to nuclear Coulombic repulsion,
for the cross section differential in positron energy.
Other theoretical calculations have been conducted to
study specific details of the pair creation process.
These generally use approximation techniques best suited
to the region of interest and often study finer details
of the process such as angular distributions and energy




the works o Davies et al., Bethe and Maximon, and Moroi
and Hammer.
To a great extent, the experimental measure-
ments are compared with the results due to Bethe and
Heitler (hereafter referred to as the B-H pair result) and,
where applicable, with the exact results due to Jaeger
and Hulme (hereafter referred to as the JH result).
The earliest experimental measurements were
made with the use of cloud chambers and naturally occur-
ring radioactive sources, notably ThC". The first
reported results were due to Chadwlck, Blackett, and
9,10
Occhialini, using photons of energy 2.657 MeV. The
analyzed data resulted in a corrected pair production
total cross section, at photon energy k = 2.657 MeV, of
2.8 barns. This result compared quite favorably with the
value of 2.5 barns predicted by Heitler and Sauter. At
this same time, Meitner and Philipp 1 1 and Curie and
-2-

12Joliot reported successful measurements of the pair
creation cross section. A later effort by Simons and
Zuber, ^ using the same cloud chamber technique, studied
|
| the energy distribution of the electron-positron pair,
i
,the total kinetic energy carried off by the pair, and the
I
i
angular distribution of the outgoing pair, using an argon
i
i
gas target end an incident ohoton energy of 2.657 KeV.
I
The results of this experiment apparently confirmed the
|
'prediction of the B-H pair result for this energy. Other
experiments of this genre were conducted using krypton
1 5
and xenon and krypton ^ gas targets.
In the late 194-0's and early 1950's, another
series of experiments based on measurements of the ab-
sorption of gamma-rays in matter was conducted. These
measurements derived the pair creation cross section from
the measured total absorption cress section by subtraction
of the well known Compton effect cross section and photo-
electric effect cross section. Among the first such
experiments of this type was the work of Adams ' ' using
the continuous bremsstrahlung spectrum as a photon source.
Using threshold detectors to provide a band of photon en-
ergies near the maximum, studies at photon energies of
11.04, 13.73, and 19.10 MeV for the elements Cu, Fe, and
C were conducted. The measured cross sections were 5 to
10 percent lower than theory predicted, tfalker, 1 ® using
-3-

the 17.6 MeV line from the Li?(p, T )Be8 reaction and a
pair magnetic spectrometer; confirmed the deviation from
the B-K pair result noted by Adams for five atomic numbers,
6 to 82. Laws on and Dewire et al., using betatron
x-rays and pair magnetic spectrometers to isolate the de-
sired energy band, extended the measurements to 88.0 MeV
and 280 MeV for six elements of atomic numbers 4 through
92. These authors also noted a decreased cross section
relative to the Bethe-Heltler prediction. Using a cloud
O 1
chamber technique, Eraigh used betatron x-rays and a
pair spectrometer to study the Z-dependence, total cross
section and positron energy distributions of elements in
the Z = 13 to Z = 90 region over an energy range of 50 to
300 XeV . Reported relative cross sections deviated
from the B-H pair result as noted in previous experiments.
Since the exact calculations of Jaeger and Hulme predict
a ratio
^patr/ ^B-H greater than unity for photon
energies less than 2.7 MeV and the research Just de-
scribed measures the same ratio as being less than unity
if the photon energy is greater than 10 MeV, Rosenblum
22
et al. studied the pair creation cross section over the
energy range 5 to 1 8 MeV since the value of the cross
section must crossover unity in this region in order to
satisfy these requirements. Using betatron x-rays and
the magnetic pair spectrometer, the resultant
-4-

measurements demonstrated the predicted and measured
behaviours with & / <J =1 at 6 MeV for high Z
EXP BH
targets.
Another prominent method of measuring pair
creation cross sections Involves the use of artificial
radioactive sources in an effort to measure the in-
dependence of the cross section and the relative total
cross section. In these experiments the gamma-rays from
the source impinge on the target sample causing pair
creation. The positive member of the pair then annihi-
lates and the resulting two .511 MeV photons are detected
by two detectors placed at 180 degrees relative to one
another, forming the so-called pair scintillation
spectrometer. These counters count in time coincidence
the annihilation photons and thus the number of pairs
created (after appropriate corrections for detection
efficiency, geometry, source strength, etc.). These
2"3
studies were initiated by Hahn et al. -' who investigated
the cross sections for twelve atomic numbers over the
range Z = 13 to Z = 83 for the energy range 1.17 MeV to
2.657 MeV. The measured cross sections, normalized to
either the B-Hpair result or the JH result at 2.657 MeV,
were in qualitative agreement with the predictions of
Jaeger and Hulme showing an increasing deviation from the
B-H pair result with decreasing photon energy and
-5-

increasing atomic number, Z. Experimental studies on the
pair phenomenon at low energies were continued "by a
number of investigators (Dayton, Schmid and Huber, West,
Standil and Moore, Standll and Shkolnik, Singh, Dasso,
and Griffiths). 24
In an apparent effort to coalesce and unify the
existing measurements, Rama Roa et al. 25> 2 ° have effec-
tively repeated and extended the previous measurements in
a study of the pair creation cross sections for eight
elements, Z = 29 through Z = 82, over the incident photon
energy range 1.12 MeV to 2.0 MeV. Relative total cross
sections and empirical Z-dependence formulae have been
determined. For incident photon energies greater than
about 1 .2 MeV, the data, as a function of Z, could be fit
using the empirical formula
cr - cTb-h [i + d-*\I
where d is an empirical energy dependent fitting para-
meter with a value of the order 2 x 10*"\ The data at
1.12 MeV, however, could only be fit by a modified Z-
dependence equation of the form
& " cr6 .K U+ d^z exp(-bZ)J
where the empirical fitting parameters b and d have
-2 ^
values of 3 x 10 and 2 x 10"*-% respectively. The
-6-

relative total cross sections measured, however, were
quite Inconsistent with the extrapolated JH result being
about a factor of two low in the energy region 1.17 to
1 .33 MeV.
In the previous experiments conducted using
radioactive sources, the major number of these sources
provide several photon energy lines which result in mea-
sured pair creation cross sections which are the sum of
the cross sections for all the photon energies which ex-
ceed the 1 .022 MeV threshold energy. In order to compare
these experiments with theory it is then necessary to
fold together the various contributions in the ratio of
the Intensities of the various spectral lines, thereby
gaining a calculated theoretical cross section for a given
source. Since each laboratory does not use the same nor-
malization procedure and since each experimenter uses his
version of the JH result extrapolated over energy and Z,
it is not surprising that discrepancies between theory and
experiment as great as a factor of two are reported. Nor
is it surprising that experiments performed in different
laboratories provide discrepant results relative to one
another of greater than 30 percent, far beyond the quoted
measurement accuracies of less than 1 2 percent.
Using a modified form of the pair scintillation
spectrometer which effectively considers only one photon
-7-

energy at a time, Yamazaki and Hollander ' have recently
completed a determination of the total pair creation cross
section for germanium at thirteen photon energies ranging
from 1.077 MeV to 2.754- MeV using radioactive sources. By
requiring a triple time coincidence between the creation
of the pair in a Ge(Li) detector (the double escape peak)
and the detection of the annihilation radiation, these ex-
perimenters were able to study the effects of a single
photon energy. The resultant cross sections indicated a
more conspicuous deviation from theory (B-H pair result)
than was expected on the basis of the exact calculations
conducted by Jaeger and Hulme. Yamazaki and Hollander
normalized their data to agree with the extrapolated JH
result curve at 2.754- MeV. This technique allows only one
atomic number to be studied and, in this case, the 2 consi-
dered was not close to the available exact calculations.
It is significant to note that the reported results are
about twenty percent higher than theory (the JH result)
and 30 percent higher than the measurements of Dayton and
Hahn et al. in the region 1.33 to 1.50 MeV.
In view of the relative nature of many of the
previous experiments, the lack of a measurement for lead
and tin corresponding to the results of Jaeger and Hulme
at 3 m c , and the discrepant nature of the results of
preceeding measurements, most notably the consistently
.high values reported by Yamazaki and Hollander, b. study
-8-

of absolute pair creation cross sections for lead, Z = 82,
and tin, 2 = 50, was conducted for photon energies of 1 .2,
1 .533, 1.57, 1.71, 1.85, and 2,00 KeV. Particular emphasis
was placed on the measurement at 1 .533 MeV for these ele-
ments since the JH result provides an exact calculation at
this energy and no results have been reported for this
energy.
The desired pair creation cross sections were
measured by detecting the .511 KeV radiation arising from
annihilation of a created positron in the target sample in
time coincidence with a post-bremsstrahlung electron cor-
responding to the monoenergetic photon which initiated the
pair creation event. The required monoenergetic photons
were produced by the photon monochromator using the mono-
chromatic principle to be described in the next section.
Accurate determination of the pair creation cross sections
required not only monochromatic photons but also a know-
ledge of the flux of these photons incident on the target
sample. It was, therefore, important to measure the number
of these monoergic photons incident on the target and to
determine, by comparison with predicted and measured
brem8strahlung cross sections, the efficacy of the mono-
chromator in producing the desired radiation. As will be
described in Section (I.e.), available measurements of the
bremsstrahlung cross sections over the energy region of
interest for this experiment show that the Bethe and
9-

Heitler bremsstrahlung cross sections are approximately
valid and can be used to provide a figure of merit useful
in demonstrating the success of the monochromatic princi-
ple in providing the proper number of the proper energy
photons. Measurement of the bremsstrahlung cross sections
was a necessary corollary to the present research.
B. The Monochromatic Principle
The production of bremsstrahlung in a thin
target by a beam of monoenergetlc electrons creates a
spectrum of photons, the energy of which ranges from T
,
the incident electron energy, to near zero energy. In
most cases, the desired photons comprise a small range of
photon energy, k to k + a k, where k is the desired
energy of the photons. Therefore, the vast majority of
the photons produced are extraneous background which
complicates the analysis of the experimental data. Since
the work of C. E. Dick which demonstrated the existence
of a finite cross section at the high frequency limit
(tip) of the bremsstrahlung spectrum, some reduction in
background difficulties is afforded by using tip energy
photons as the source of the desired radiation. It would
be useful, however, to be able to take advantage of the
higher bremsstrahlung cross sections at photon energies,
k < T
,
without the necessity of considering the effects
of the continuous bremsstrahlung spectrum. The
-10-

development of an efficacious monochromator would allow
such a procedure to be used.
The monochromatic principle is based on the
fact that when a monoergic electron beam of initial
energy T Q interacts with a nucleus of atomic number Z
producing the bremsstrahlung spectrum, there exists for
every photon of energy k, a degraded post-bremsstrahlung
electron of energy, T Q - k. (This arises since the nucleus
carries off a negligible amount of energy in the inter-
action. ) Thus, since the electron of energy T^ = T - k
is in time coincidence with the photon of energy k, the
electron can serve as a gate or identifier for the photon
itself or for the products of photon- Induced reactions.
The first use of the monochromatic principle
29 "50
was made by Weil and McDaniel. ' This experiment con-
sisted of a study of the ( V ,p) reaction in carbon using
1 90 MeV monoergic photons produced by an electron beam at
the Cornell 300 MeV synchrotron. The guide field of the
synchrotron was utilized to momentum analyze the energy
degraded post-bremsstrahlung electrons and a resolution
of 50 MeV was determined by a measurement of the energy
spread of the 190 MeV photons. Cence^ 1 then repeated,
essentially, the work of Weil and McDaniel at 245 MeV
~*>2
using the Berkeley 34-2 MeV synchrotron. G-oldemberg,
-11-

using a 1 80° permanent magnet beta- ray spectrometer,
conducted experiments with monochromatic photons which
studied the absorption of gamma-rays by carbon over the
energy range 13.5 to 16.5 KeV. This device provided a
resolution of Q%,
In 1961, O'Connell, Tipler and Axel" reported
the successful use of a photon monochromator in con-
Junction with the University of Illinois 25 MeV betatron.
The device used was a rectangular inclined plane pole-
face spectrometer which was designed to use advantageously
the focusing properties of the field by utilizing as many
as six electron detectors placed on the locus line of
horizontal foci. Since each detector was positioned at
the focal point for a unique electron energy, six dif-
ferent photon energies could be used simultaneously. The
initial experiment at Illinois used the monochromator for
the study of elastic photon scattering from gold. The
Illinois design is particularly adapted for high energy
incident electron energies since the mean angular diver-
gence of the post-bremsstrahlung electrons is sufficiently
small to allow the transmission properties of the rec-
tangular design to be adequate for the collection of the
majority of the desired post-bremsstrahlung electrons.
At lower energies, a shaped profile pole is necessary to
collect a comparable percentage of the desired electrons.
-12-

O'Connell et al. reported an initial energy resolution of
approximately one percent at 15 MeV. This figure was
improved to a reported .67% by Tlpler, Axel, Stein and
34Sutton in experiments on the scattering of 1 1 to 1 9 MeV
1 65
monoenergetic gamma-rays from Ho. The device was also
35
used "by Kuchnir in the study of neutron spectra from
monoenergetic photons on bismuth. An energy resolution
of 1 .7 percent was reported as the best value attained.
The initial monochromator effort in thi3 labora-
36
tory was undertaken by Walter, Shea, and Miller in 1959.
The spectrometer was designed from the principles used by
Kbfoed-Hansen, Lindhard, and Nielsen ' in their de-
velopment of a six-gap beta-ray spectrometer. This design
utilizes a specially shaped pole piece leading edge pro-
file in order to focus the maximum number of beta-rays
from an isotropic source. Use of the special profile
shape allows the fringe field effects of the magnet to
contribute to optimum transmission and resolution para-
meters. No transmission values were reported but a
momentum resolution of .7 percent was achieved. Exces-
sive electron counting rates of the order of 10 greater
than expected limited the magnitude of the usable incident
electron beam to the several nanoampere region and
rendered the device unsuitable for the Intended use in
photo -neutron reaction measurements.
-13-

D. L. Malaker^^ reduced this excessive electron
count rate by a factor of about 10^ and Improved the re-
solving time of the "fast-slow" coincidence circuit from
about 100 nanoseconds to about 10 nanoseconds. Malaker
reported a transmission of ,17 percent of 4 tt with a mo-
mentum resolution of 1 .2 percent at electron energies of
.625 MeV. The low value of the transmission and the re-
maining excess factor of ten in the electron count rate
ruled out the proposed use of the monochromator for
studies of nuclear excited states by nuclear resonance
fluorescence.
The present research examines in further detail
the performance of the monochromator in order that it
might be developed into a useful experimental device. Re-
location of the plastic scintillator used to detect post-
bremsstrahlung electrons plus improved baffle systems,
thinner target foils, and standardized electronics pro-
vided the required improvement in performance. The
transmission was measured to be .44 percent, with a
resolution of 2 percent at .625 MeV. The excess electron
count rate was reduced by approximately a factor of three.
As noted previously, the criterion for success
in developing the monochromator was taken to be the pro-
duction of the proper number of monoenergetic photons for
use in experimental studies of the pair creation phenomenon,
-14-

The figure of merit, defined as the ratio of the
measured bremsstrahlung cross section to the theoretical
value due to Bethe and Heitler, was measured at a number
of photon energies between ,500 MeV and 2.00 MeV. Use of
this figure of merit as a parameter requires considera-
tion of the theoretical and measured values of bremsstrah-
lung cross sections over the energy range of interest and
these will be discussed in the next section.
C. Bremsstrahlung
The loss of energy by electrons in Interacting
with matter is a physical process of considerable interest,
In particular, the loss of energy by electrons in the
Coulomb field of either a nucleus or an electron by the
emission of radiation, the bremsstrahlung process, plays
a salient role in this research. While of fundamental
importance Itself, the process of bremsstrahlung also
assumes great significance due to the availability of the
resultant photons as "projectiles" in the conduct of
photo-reactions of various kinds.
As was the case in the study of pair production,
the initial comprehensive study of the theory of brems-
p
strahlung was provided by Bethe and Heitler. Employing
the Born approximation, equations for the cross section
differential in photon energy, photon emission angle, and
the electron emission angle and the cross section
-15-

integrated over angles, both relativlstic and non-
relativistic, were derived. In addition, the effects of
screening and energy Ibss by the electrons were con-
sidered.
40 41 42
Sauter, Schlff , G-luckstern and Hull and
numerous others have studied the phenomenon using various
approximation techniques. A compilation of the various
theories and resulting expressions has been prepared by
Koch and Motz (see Reference 67).
Only a few measurements have been made of the
bremsstrahlung cross sections. For the most part, this
paucity of measurements has been attributed to the inher-
ent difficulties involved with such an experiment in
which the information is spread over a very wide energy
range. Experimental data have been obtained over the
Incident electron energy range JA &eV to 22 MeV by a
variety of workers. In all cases, the data were obtained
for the cross section Integrated over all electron emi3-
slon angles.
The data available have been taken at the
43following incident electron energies: 34 keV by Amrehn
44 . 45
and Ross ^; 50 keV by Motz and Placious J \ .5 and 1.0 MeV
46 47by Motz ; 1.0, 1.7, and 2.5 MeV by Rester and Danoe ;
2.72, 4.54, and 9.66 MeV by Starfelt and Koch^8 ; and 22
49
KeV by Weinstock and-Halpern . The Sauter theory and
-16-

the Schiff theory were often used for comparison with the
experimental results. Fcr the case of low incident
p
electron energies, T « m c
~, the Sauter predictions
underestimated the cross section by approximately 20
percent. Over the energy range, 4 to 25 MeV, both
theories agreed with measurement to within about 10 per-
cent.
Over the incident electron energy range of 1 to
3 MeV (the available range for the Notre Dame mono-
chromator), some elements of the measurements by Motz,
Rester and Dance, and Starfelt and Koch are of greatest
interest. The discussion to follow will consider the
pertinent fractional photon energy range, k/T = .5 to
k/T Q = .75, which was used in the present research.
Motz has measured the spectral distribution of
the bremsstrahlung at photon angles of 0, 30, 60, and 90
degrees for incident electron energies of .5 and 1 .0 MeV
using a target of atomic number Z = 79. Using the pre-
dictions of Sauter for comparison, the data at 1 .0 MeV
incident electron energy and 0° emission angle agreed with
theory within 5 percent over the range of fractional
photon energy, .5 to .65. For k/T = .65 to .75, agree-
ment with theory was within 10 percent.
Starfelt and Koch measured spectral and angulsr
distributions of the bremsstrahlung photons at incident
-17-

electron energies of 2.72, 4.54, and 9.66 MeV using
targets of 3e, Al, and Au. The measurement at TQ = 2.72
MeV for gold at a photon emission angle of degrees is
most pertinent. Once again the Sauter theory was used as
a reference. These results can be most clearly presented
in tabular form as:
INCIDENT ELECTRON ENERGY =2.72 MeV
TARGET ATOMIC NUMBER, Z =79
Fractional Photo Energy &% (EXP ) / ^ SAUTEIl
.5 .9 ± .1
.6 .9 ± .1
.7 .9 ± .1
.8 .9 ± .2
Rester and Dance conducted measurements, at
incident electron energies of 1.0, 1.7, and 2.5 MeV using
targets of atomic number 2 = 13, 19, 50, and 79, of the
spectral and angular distributions of the bremsstrahlung
cross section. .Data were taken at photon emission angles
of 0, 4, 10, 20, 30, 40, and 60 degrees. The experi-
mental results for T Q = 1 MeV, at emission angle degrees
for the target with Z = 79, gave a value for
0'
B (EXP)/ 0~sauter eC^ual ^° unity, within 7 percent, over
the fractional photon energy range of .5 to .7. For
-18-

k/T - .75, the ratio (T- (EXP)/ <3 SAUTER = 1.2 + .1.
At an incident electron energy of 1.7 MeV (using the same
target and emis3io le), the ratio of experimental
cross section to theory was about .65 i 'T = .5, was
lal to unity at h/-o = .7, and was within 6 percent
of unity for k/T = .8 with a quoted measurement ac-
curacy of + 7 percent. At T Q = 2.5 MeV, the degree
data gave & (EXP)/ c* = .72 + 7 at h/T_ = .5 with
the ratio increasing with increasing photon energy until





For- larger photon angles (4°, 10°, etc.) ov
th< fractional photon energy range of .5 to .75* the
ratio Of., (EXP)/ CT 3/^rjTER is e ^U£l *° cr greater t: -
unity for all measured incident electron energies. As r
result, the measured cross section integrated over '-he
fuV phi Loj -ion solid angle is with! 1 percent f
theory over the k/T range of .5 to .75. In general,
the agreement between theory and experiment is faij
good with the notable exception of the Rester and Dance





Production of a positive and negative electron
pair by photons can take place in either the field of a
nucleus or the field of an electron. The well known
threshold for the process in the field of the nucleus is
2 p
2 n^-jC , where n^c^ is the rest energy of the electron,
while Perrln^ has demonstrated that the threshold for the
effect taking place in the field of the electron is
4 moC". The process of Interest here is coherent pair
production which occurs when the atomic electrons play no
role in the process other than to screen the Coulomb field
of the nucleus. Pair production is related to the brems-
strahlung process in which the post-bremsstrahlung
electrons are left in a negative energy state and generally
the two processes are treated in concert in theoretical
analyses.
1 . The Cross Section for Pair Creation
The derivation of an exact expression for the
pair creation cross section requires a description of the
positive and negative electrons in the screened nuclear
Coulomb field using exact wave functions. In general it
is not possible to solve the Dlrac wave equation in such
a form since the required wave functions are represented
by an Infinite series. For the most part, then, a variety
-20-

of approximation techniques have been used in the
calculation of pair creation cross sections.
a) Cross Sections Due to Bethe and Heltler
The pioneer effort in the study of the pair
2
creation process was conducted by Bethe and Heitler.
This theory was presented in a classic paper putting forth
the theory of both bremsstrahlung and pair creation. The
Born approximation was used in the development of the
theory. The validity conditions for this approximation
can be written as
Z*<xl//3+«l ; tvcCL/p. « 1
where Z is the atomic number of the target element and the
quantities ft+ and ft - are, respectively, the ratio of
positron velocity to the speed of light and the same ratio
for the negatron, and a is the fine structure constant.
These conditions can be rewritten as
or
K. » 2./C1- t<*2^j'/2 (II _ 2)
where E+(E-)is the positron (negatron) total energy and k
pis the photon energy, both in units of n^c". It follows
from these conditions that the Born approximation be-
comes less reliable as, (a) the atomic number, Z, of the
-21-

target element Is increased, and (b) the momentum and
energy of the emergent particles decreases or, more simply
stated, as the incident photon energy decreases to near
the threshold value.
The Born approximation calculation as conducted
by Bethe and Heitler, neglecting screening, yields for
the cross section differential in photon energy the
expression




E*E.-aV + zfeE+E- r
where the following definitions have been used,
-
«Z*r. a
where r is the classical electron radius,
€± = Z In ( Et + P± J
The symmetry of this result with respect to the inter-
change of the positron and the electron results from the
-22-

iuse of the Born approximation. A3 the photon energy
J
approaches the threshold value the symmetry noted above
is destroyed by trie approximate correction factor-^







Thi3 correction factor is only valid under the condition
« c.
Neglect of the screening effects of the atomic
electrons is only valid if the total energies of both
particles are sufficiently low such that the condition
a£+e- « i-37 z
''3
(II-5)
is satisfied. Since the conditions of the present mea-
i surements do not completely satisfy Equation (II-5)# the
B-H pair result can only be used as a basis for compari-
son if the screening corrections can be shown to be small!
for the energies and atomic numbers studied. Bethe and
! Heltler point out that for heavy elements screening ef-
fects are not significant for photon energies less than
\^ E oc2 « !
The total cross section has been calculated by
;
Bethe and Heitler and, more recently, Yamazaki end
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Hollander by numerically integrating Equation (II-3). The
results of the latter calculation are tabulated as Table
III in Reference 27 and are plotted in Figures (IV-13)
and (IV-15) in this dissertation,
b) Cross Section Due to Jaeger and Hulme and
Jaeger
In the low photon energy range Jaeger and Hulme
and, later, Jaeger used Dirac wave functions to calculate
the total pair creation cross section for photon energies
iof 1.533 MeV and 2.657 MeV. This rigorous treatment of
;the problem, using spherical wave functions and without
employing any approximations other than numerical ones,
•should yield exact total cross sections. These calcula-
52
tions employ a technique, used by Jaeger and Hulme in
an earlier work on internal pair creation, in which the
gamma-ray was treated as a perturbation acting on an
^electron state of negative energy in the Coulomb field of
ja nucleus.
The results of these calculations are given in
Table (II-1), along with the computed asymmetry factor,
which measures the shift in the energy distribution of
positrons (negatrons) due to Coulombic repulsion (at-





Pair production cross sections from the calculations of Jaeger
-z. 4 r
and Hulme-^ and Jaeger 9>















(E+ -/x) / (E- -yu) 2.0 1.4

For the photon energy 1
.523 MeV, Jaeger derives
an extrapolation formula for obtaining the pair creation
cross section for any element of atomic number, Z,
(5(2)XI02*= 0-95(2/137)% 2.54 (V^) (H-6)
C. Other Approximate Pair Creation Gross
Sections
Bethe and Maximon, in Reference (7), have con-
ducted an extensive calculation, without using the Born
approximation, over the energy region in which both elec-
trons have energies large compared to the electron rest
mass. The result was the B-H pair result modified by a
multiplicative factor and an additive factor. This re-
sult is in good agreement with experiment above photon
;
energies of 1 MeV but is not expected to be reliable for
lower energies.
Calculations for high energy, taking screening
into account, have been carried out by Bethe ^ using the
iThomas-Fermi distribution for the orbital electrons. This!
result can be written





^1 ( t ) and $> ( t ) are functions of the parameter Z9
: the values of which are obtained by numerical Integration,
for < If < 2, since these functions include the Fermi
form factor which is only known numerically. For smaller
energies such that 2 < 1 < 1 5 » the result
& = ±£ (E/*g-z+lEX)rK?iM- -±-CU>l (II-8)
can be written. Curves of the parameters
(J).
( 2f ), d) ? ( 7 ) f
and C( 7 ) are given by Bethe and Heitler and Bethe and
Ashkln. Since this screening correction is valid for
p
high photon energies ( £ 15 e c ), Equations (II-7 and 8}
are useful only in the extreme relatlvistic case. Hough "
has £iven a formula for the cross section differential in
positron energy, without consideration of screening ef-
fects, which approximates Equation (II-3)i and is valid
for k< 20 n^c 2 . This expression can be written as
do-
dH+ = lgl4 1to -w [i&L/*--M J i <'-*>] t"-»)
where
Ids]
is the differential cross section from Equation (II-3) for
E+ =: E- = k/2; i.e., for equipartltion of energy between
the two members of the pair; and,
-26-

X - z[x(i-x)J '/i
where
= (E+-m.cM/(te-2 m c
The second term in the curly "bracket must be dropped
whenever it assumes a negative value. Equation (II- 9)
agrees with the Bethe-Heitler result for .05 < x < .95 to
within \%.
Integrated cross sections equivalent to the
56integrated B-K pair result have been obtained by Racah
57
and Jost et al. but these forms are not given in terms
of tabulated functions.
At incident photon energies in the range 1 .022
MeV to 6.13 HeV, Zerby and MoranD give the empirical
formula
&- <3Vh L 1 + (7 824 x icf4) 1 Cxp(-0-<ilZte)J (11-10)
fcased on the analysis of available experimental results,
2 ^-.Where k is in units of m c and
^b-h * 8 OD-talned by
integrating either Equation (II-3) or (II-9) over positron
jenergy. Calculations indicate that Equation (11-10) can
he used to fit experimental data in the energy range 2.7 to
6 MeV to within 10 percent.
2. The Yield Expression
The experimentally measured quantity in this
research is the number of annihilation radiation quanta
-27-

Iproduced in the target sample by the annihilation of
created positrons and detected, by the Nal(Tl) detector
in time coincidence with a post-bremsstrahlung electron of
the proper energy. In order to determine the cross
section for the pair creation process from this quantity,
referred to as the yield, it is necessary to form an ex-
pression which relates the cross section to the measured
number of counts.
There are three expressions which can be used to
relate the known yield to the cross section. Each de-
rives Its particular form from considerations of target
size and the geometry of the experimental layout as well
as from the physical principles involved in the experi-
ment. These expressions will be considered in order of
increasing complexity.
a) Small Thin Target
If the dimensions of the target sample perpen-
dlcular to the beam direction are very small relative to
the distance between the target position and the brems-
strahlung foil and relative to the distance from target
to detector, then the pair creation target sample subtends;
a small solid angle at the bremsstrahlung foil and acts
as a point source of annihilation radiation relative to
the detector. Additionally, if the target is so thin that
absorption of the incident radiation and the annihilation
-28-

radiation is negligible, the yield expression assumes an
especially simple form given by
Y - N(k)cPAtRjpr ^ PWCG) 5ec ? (H-11)
with
NCk^ - (d^RE^Uw AQknMMrtV Q (11-11 a)
dkdQ*
2
where (d C\, „ ,Vd k d -^-k) * 8 the cross section for
i
production of a photon of energy k by electrons collected
in a solid angle CI e in the monochromator with energy
2
TQ - k (cm /MeV-3tr); ^ k is the energy uncertainty of
the photon deriving from the reolution of the mono-
chromator (MeV); -£~L & is the solid angle subtended by
the target at the foil (Steradians) ; iL
EI ,g _n is the
areal density of the bremsstrahlung foil (Atms/cm ); and
0, is the number of incident electrons accumulated ( § of
electrons). Thus, N(k) is the number of photons incident
on the pair creation target in the energy Interval
k + Ak/2 and in the solid angle subtended by the sample
at the bremsstrahlung target; (5 is the cross section
PAIR
2for pair creation (cm /Rtom)
; J3 is the target sample
3 —density (atoms/cm ); T is the target thickness; 17 is the
average source full energy peak detection efficiency for
.511 MeV photons; P is the probability factor for anni-




the angular distribution function for the annihilation
radiation; and g> is the angle between the normal to the
face of the target and the incident beam direction.
In this simple case, the pair production cross
section is Just
CW - Y/jSKk^TWy 7 PV(8) (II-1 1b)
b) Small Thick Target
If the "zero-thickness" approximation is not
valid, it becomes necessary to reformulate the relation-
ships between o^ and the measured yield. The
PAIR
absorption effects of the target on the incident photon
flux and the outgoing annihilation radiation must be con-
sidered.
The yield expression, differential In target
thickness, can now be written as
6Y - N(K^30»«^PW(e)expj:/<fxJexp[-Cu,*ai lllJfxJ <*x (H-12)
where x = t secy (cm.),^ is the absorption coefficient
for .511 MeV photons (cm. /atom), andx< is the Compton
and photo effect absorption coefficient for the incident
photons of energy k (cm. /atom).
Carrying out the integration over thickness,
the resulting expression is
-30-





where X = T sec <p , with T the total thickness of the
target.
c) Large Thick Target
In this final case for consideration, the
target size is so large that none of the previous geo-
metrical simplifying assumptions is completely valid.
The target sample now subtends a finite solid angle at the
bremsstrahlung foil and the detector subtends a large
finite but complex solid angle at the target sample. The
yield expression must be modified to include these ef-
fects. This expression for a large thick target divided
into differential volume elements J" can be written as
s vil-«4J
where
N(teV (^8RH AknoE«^Q P- (II-14aJ
-31-

dgWns = / d 3cWis aOpdQw (Il-I4b)
d*. J J d*c*QP dQ*
Op is the effective solid angle at the beam spot sub-
tended by the exit slit of the monoohromator, JC\ k is
the solid angle subtended by the target at the bremsstrah-
lung foil, FM is the ratio
j
(a <r /dkj^/u <r /dk) THE0RY ,BREMS BHEMS
and the other terms in Equation (II- 14a) have been de-
fined. For Equation (11-14), T is sec 9 , S is the
frontal area of the target sample which is included to
cancel the integration over the area implied by the dif-
ferential volume element dJ* , W( ST ) is the angular
distribution factor for radiation from volume element &
which in the pair creation process is unity, 6T is the
distance within the target of element t measured along
the direction of the outgoing radiation, <fT is a similar
distance measured in the direction of the incoming beam,
^T
is the efficiency for detection of the .511 MeV
photons emanating from volume element 3-
,
C exp [- ^/q*]
is an expression which approximates the angular distri-




Gaussian of revolution with a half-width at half-maximum
equal to q, the parameter &t measures the angular dis-
placement of volume element j- from the incident beam
direction at the foil. C is a normalization constant.
All other terms have been defined previously.
The integration necessary to evaluate the yield,,
Y, requires analytic representation of the factors in
equation (11-14) which depend on the position of the
elemental 6.3* ; e.g., niT , ocT , &T , etc. However,
division of the target sample into incremental volume
elements, A3~ , each so small that any variation in the
i
factors Just mentioned over the size of the volume ele-
ment is negligible, allows the integral to be replaced by
a sum. For each volume element, AT , the value of the
required parameters can be replaced by their values at
the center of &T . The final yield is then determined
by summing the contribution due to each volume element.
The summation form of the yield expression can be written
ias
Y" m*)f12 Pct?ai„ I expJ-xV^]«^-^<W^J.}^C. 0ff-tf](II-15:
IT vol. I
where the integration over 6.J- is replaced by a sum over
a? , with ^T = ST/N and N is the number of volume




The existence of extraneous .511 MeV photons at
the position of the photon detector posed the major back-
ground problem in this research. Due to the presence of
the continuous bremsstrahlung flux, these .511 MeV pho-
tons could arise via inelastic scattering of higher energy
photons plus elastic scattering of those .51 1 MeV photons
produced by the bremsstrahlung process. The inelastic
processes of Interest are Gompton scattering, pair
i
creation at photon energies other than the monochromatic
energy, and secondary bremsstrahlung produced by "knock-
on" electrons in the target. The elastic processes to be
considered are Rayleigh scattering, nuclear Thomson scat-
tering, and Delbruck scattering.
a) Inelastic Processes
In the energy range used in the present experi-
j
orients, Compton scattering accounts for the major share of
the photons inelastlcally scattered into the detector.
The cross section for Incident unpolarized radiation is
59given by the Klein-Nlshina formula,
da. = rf f 1 Ifn-co^e + in) 6-oose)* (u_i7)
dft. 2- U l + jlO-QPeVjJl H-(£)(i-u»e) .
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where # is the angle through which the photon is scattered.
In the energy region near threshold for pair creation,
this cross section is relatively large even for scattering
angles greater than 90 degrees. However, the energy of




and for the maximum incident photon energy used in this
experiment, the scattered radiation has a maximum energy
considerably less than .511 MeV (for k™
c
= 2.86 MeV,
k' = .266 MeV at a 120 degree scattering angle). There-
fore, the Compton scattered photons make no contribution
to the annihilation radiation data. The contribution of
..511 MeV bremsstrahlung produced by Compton scattered
electrons in the target sample has been estimated to be
less than one part in 1 <r*" at an angle of 120 degrees.
The annihilation radiation which arises due to
pair creation by photons of other than monochromatic
energy will contribute to the full energy peak in the
spectrum of the scintillation spectrometer detector.
Using Equation (II-9) and the corrected bremsstrahlung
1
jcross sections of Starfelt and Koch, the full energy peak
lean be expected to contain, on the average, a 60 percent
contribution from this source. This effect will occur to
the same magnitude in the total (true plus chance) and
-35-

chance coincidence data and can therefore he accounted
for experimentally.
b) Elastic Processes
The previously mentioned elastic processes are
known to occur with only a small loss in energy taken up
hy recoil of the scattering atom or nucleus. Rayleigh
scattering; i.e., scattering from hound electrons without
removal of the electron from a hound state, has heen
fid
treated hy Franz hy extending the earlier work of
;Dehye into the gamma ray energy region. Franz assumed
a Thomas-Fermi distrihution for the atomic electrons.
For scattering angles greater than or equal to
2
90 degrees and for photon energies of order E c , the
expression
dQ. k Zs\n 3 e Stcr.
results, where Z is the atomic numher of the scattering
atom, k is the incident photon energy, and 6 is the
62
angle of scattering. The work of arown et al. indicates.
that Equation (11-19) is valid over the energy range 1 to
3 MeV.
The nuclear Thomson scattering cross section
63
may he obtained from the expression for the scattering
of x-rays hy electrons hy using the nuclear mass, M, in
-36-

s, rn , and the nuclear charge,




which may be rewritten as
icn,




Delbruck scattering, the elastic scattering of
photcns in the Coulomb field of the nucleus, is reported
Whilth. p
64
to have cross sections proportional to (otz) r .
T
numerous theoretic? 1 studies " have teen conducted on thi
process, there exists no experimental evidence to shew
f\f\
that the process can be detected below 9 KeV and any
contribution from this source was considered to be negli-
gible.
c) Background Effects
It is of interest to consider the effects due t<J>
the competing processes at the annihilation radiation
energy (and at an angle of 120 degrees). If the number
of background .511 MeV photons detected is denoted by the









can be written. In this equation, NpA _ (k" ) is the
number of annihilation radiation quanta detected which
are produced by incident photons of other than the mono-
chromat energy, "%* is the number of .511 MeV bremsstrah-
;lung quanta detected after being scattered by nuclear
Thomson scattering, and NR is a similar number for the
Rayleigh scattering process.
The number of background quanta detected for
the two elastic processes can be expressed as
Nr =/T(te')h^-Q daR (11-22)'
for the Rayleigh process, and
r^'/T^'jo^ ntov, (n-23);
where i/f(k') is the number of .511 MeV bremsstrahlung
photons incident on the target sample and previous nota-
ition is used for the other factors.
The pair creation contribution due to non-
monoergic photons is more complex in form and is approxi-
mated by a numerical sum of contributions
JW*")- £v^"7cw^) (n.^,
jwhich are calculated using the "zero-thickness"
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approximation. The factor B can now "be written as
i
C1
$3 = n^[ J*<*')[^+4g*]n+ XvffrO <%**(*'')] (II-25)
but recalling Equation (II-11a), write
(11-26)
which allows the final expression for B_ to he expressed
as
Bg= n^h'q[AO-B (k')Q[dc^ + dgR]-^ L AOeCfc^cr^^te^] (11-27)
This expression provides a means to estimate
1
jthe total number of background .511 MeV quanta which will!
be detected in the scintillation spectrometer detector.
In a double coincidence measurement, the final
estimate of the background effect must be determined by
,chK - Zt B3 tfc (11-28)
where 2J- is the full width at half-maximum value for the
resolving time curve and Ne is the average counting rate
for the detection of post-bremsstrahlung electrons.
The background effects present in this research
were measured and, therefore, were accounted for
-39-

experimentally. The estimated value of the background,
as developed, showed that if the pair creation cross
section was equal to the predictions of Jaeger and Hulrae,
the cross section could be measured for an incident
photon energy of 1 .533 heV using the monochromatic techni-
que.
E. B reins strahlung
As in the case of pair creation studies, the
derivation of an exact expression for the brems strahlung
cross section requires use of Dirac wave functions ob-
tained from solution of the Dir^c wave equation. For
reasons previously noted in Section (II.A, 1 ), the major
portion of analytical expressions for the brems strahlung
cross section has been derived using some appropriate
approximation technique. This discussion will include
only those derivations which have scir.e relevency for the
present research.
1 . Cross Section Due To Bethe and Keitler
In the same paper which laid the fundamental
groundwork for pair creation cress section predictions,
these authors provided a comprehensive study of the
brems strahlung phenomenon using the Born approximation
technique. In this formulation, the assumptions
2 7T cy Z //3m « I t Itt a I JA « I
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were made, where A and A refer to the incident and
outgoing electron, respectively. Thus, for high Z,
atomic number, targets, for electrons of low initial
kinetic energ3r
, 2nd for the case where the photon carries
off almost all of the available energy, the prediction
becomes less reliable.
The Bethe and Heitler calculation (hereafter
referred to as the B-H result) gave "the bremsstrahlung
cross section differential in photon energy, photon
emission angle, and electron emission angle. This result
was integrated over all angles to provide a cross section
differential in photon energy. Calculations were also
conducted to predict the effect of screening at high
2
energies such tnat 2, EQ >> m c .
The E-K result is often used as a starting
point in other more specific investigations of the brems-
strahlung phenomenon. Of primary interest for this re-
67
search is the work of Koch and Motz who have compiled
a compendium of theoretical analyses with the cor-
responding analytical expressions and compared these
theories to existing experimental cross sections. These
authors have presented a form of the B-H result given by
dVe





CE-pcoto) 1 (E -p.cose.)
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and ^ is the angle "between the planes (p,k) and (p ,k),
F(q,Z) is an atomic form factor which accounts for
screening effects, and the other terms have been pre-
viously defined. This expression has been integrated
over various electron and photon solid angles and the
! result for one given set of energy parameters is pre-
I
sented in Figure (II-1 ).
2. Other Approximate Theories




Evaluation of the Bethe-Heitler bremsstrahlung cross
section differential in photon energy, photon emis-
sion angle, and electron emission angle. Shown are
four curves corresponding to electron emission cones
of half-angle 3.25°, 7.75°, 11.25°, and 14.75° for
an incident electron energy of 2.3 MeV and a photon
energy of 1.2 MeV. Each curve represents the cross
section (mb/MeV) for photon emission into the cone





bremsstrahlung cross section differential In photon
! energy and photon emission angle using the Born approxi-
mation. However, the development omitted the effects of
screening which causes the expression to he of question-




Schlff integrated the B-H result over electron
emission angles for the extreme relativistic case
(EQ , E, k » m c ) using the approximate screening
potential correction V(r) = (Ze/r) exp (-r/a), where
a = 111 Z~ ' • The expression obtained, differential in
photon energy and photon emission angle, is valid only for
small forward angles.
42
G-luckstern and Hull obtained the Sauter ex-
pression for low photon energies in an independent Born
approximation calculation. Using the same approximate
screening potential expression as Schiff, the result in-
'eluded a correction for screening of the nuclear Coulomb
field by the atomic electrons.
RacahDO and, independently, MeCormick, Kleffer,
69
and Parzen * provided a bremsstrahlung cross section
differential in electron energy and emission angle by in- •
tegrating the B-H result over photon emission angle.
Neglect of screening effects reduced the reliability of
-43-





III. EXPERIMENTAL APPARATUS AND PROCEDURE
A. General Equipment and Procedure
The accelerator, beam handling system, and
calibrations of the 60 degree analyzing magnet and mono-
chromator magnet have been considered in some detail in
7Q 70 71
previous theses.-^' 1 ' ' For the sake of completeness,
an up-to-date discussion of the present system is included
in Appendices A, B, and C, respectively. A brief de-
soription of the procedure is in order here, however.
The electron beam is extracted from the Notre
Dame 4.5 MeV electrostatic accelerator and steered via the
beam handling system through a set of defining slits into
the 60 degree analyzing magnet. After passing through
this calibrated magnetic field and a set <Jf image slits,
the beam undergoes a further 45 degree defleotion in a
I
magnetic field which focuses it onto a thin self-supporting
jgold foil in which the photons used in photon-induced
reactions are produced. The 60 degree analyzing magnet
field provides knowledge of the incident electron beam
energy while signals from the image slits of this magnet
are used in a negative feedback system to provide energy




Figure (III-1 ) is presented prior to discussion
of the monochromator in order to assist in the visualiza-
tion of many of the quantities referred to in the text.
1 . Theory and Design
The study of the inclined plane pole-face type
magnet was initiated by H. 0. W. Richardson?2 »73 in a
study of the orbit trajectories, focusing conditions, and
momentum dispersion properties of such a magnetic spectro-
meter with the source position located in the magnetic
field. The magnet envisioned consisted of a plane face
magnet with the pole-faces inclined at an angle of 2^
relative to one another. The resultant magnetic field
between the pole pieces is then similar to the field due
to a current carrying wire running along the axiB of
intersection of the inclined poles (extended) with each
<£= constant plane being a magnetio equipotential plane.
The field between the pole pieces carries a 1/r dependence,
where r is the distance from the Z-axis.
i
The mathematical theory used by Richardson led
to orbit equations given as
Kcos^
r - A e"
C05r (III-1)
where, for a point source,






Typical Inclined plane pole-face





































with rg being the distance of the source position from
the Z-axis, W is the angle of emission of the source
8
particles, lp is the angle between the velocity vector
of the particle at any point in its orbit and the Z-axis,
and K is a momentum parameter defined by
|
K= ^ - B > <m-it>)
is the magnetic field value at r = 1
•






A x Sin 3
-!//
with a given by r sin f , / being the angle betweenD BBS
the velocity vector at emission and a plane of angle
<p = const; aQ can also be given by
p*/*mr = rsin £ . (III-2a)
The equation for <p is given by
|
<f>






The Equations (III-1), (III-2), and (III-3)
iform the orbit equations for the general case.
If conditions are simplified to consideration of
orbits from a point source lying in the mid-plane , these
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equations are reduced to
r= reK&«*—»•) (iii-*«)
J ! -Kf3 e cos^e V> (III-4b)
96 » Constant ^O-for vn.dplane)
, (lll-4c)
if the inclination j* is small or zero. These relatively
simple equations were used by Richardson to determine
orbits in the mid-plane using numerical integration tech-
niques,
Richardson pointed out that since the orbits
are symmetric about Ip = (in this reference system), a
particle emitted from the source point at an angle Ip B
will return to the radius rs at TJj = - njj B . Therefore,
the image point can be found from
£ --ZKr^^fcosye^Vd-p (III-5)
for orbits in the mid-plane.







b = Sin £, Kcos ^5 (III-6a)
The upper limit on the integral is, effectively, the
limiting angle beyond which the particle will not return
to the r = r
s
axis.
From detailed considerations of slit size,
maximum %> value, range of ^ values collected at the
image point, source to image distance, Z^, and other
factors, Richardson concluded that the theoretical solid
angle for collection was 16.5 times that available to a
i
parallel pole spectrometer of similar size. By studying
the momentum dispersion and resolving power properties of
the device, he claimed an increase in dispersion of a
factor of 4.24 over a Bemi-circular spectrometer of the
same path length.
In their development of an inclined plane pole-
face spectrometer, Kofoed-Hansen, Lindhard, and Nielsen
re-examined the motion of the electrons in the Z-r plane
obtaining essentially the same results as Richardson.
The family of trajectories was re-expressed as







$ = Constant , (Ill-Tb)
where a is the value of r at the point where ty = rr /2
and K is the momentum parameter as given "by Richardson.
The function U( K , ip ) defined as
was developed in a series of Bessel functions as
•The authors pointed out that for K£1, only four to six
J |
terms in the sum over n are necessary to obtain U( K , ip )
to about four decimal places.
By limiting the analysis to the angular range,
,0 £ 7£> * 2-n
,
possible multi-loop trajectories were
avoided. Unsymmetrlc orbit arrangements were considered
by introduction of a parameter
j
/O(a) 2 (r* rwaX .) f
where, for symmetric orbits, p(a) s o. The orbit
^Equations (III-7) were then rewritten as
2 = a« U(K,Vj)+ J>Ca) (III-9a)
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r = ex e (lll-9b)
<j> = Constat . (III-9C)
The shape of the magnet profile was then determined using
Equations (II 1-9) and the condition that focusing was to
take place at the conjugate point on the image side of
the magnet. Using a simple relationship for J° (a) given
"by p (a) = C»a, the profile was constructed from the
equations
KUOc.tWC (III. 10a)
K U(K,"U/) C " cot -\p €xp ^- WocT^j
r= *• expl-Kcc.^) (Hi-iob)
In 1961, O'Connell et al. considered in detail
the electron trajectories, vertical and horizontal
focusing conditions, image width, image location, energy
dispersion, and magnification of the Inclined plane pole-
face magnet using a simplified procedure. Their method
was based on the rectangular pole piece without shaping of
the profile. Thus, no compensation for fringe field ef-
fecte was included. These results were consistent with
i
those of Richardson and Kofoed-Hansen et al. though much
i
simplified in nature. This type of a device is particularly
-51-

suited for use as a high energy ( > 6 MeV) monochromator.
A very definitive study of the properties of
the shaped profile inclined plane pole-face magnetic sec-
tor spectrometers, including the effects due to fringe
fields, has been reported "by Jaffey et al.«* Almost
every conceivable problem associated with this type of
spectrometer was anticipated and treated, to some degree,
in this exhaustive presentation. Only the salient points
will be mentioned here.
Using the mathematical theory applied by both
Richardson and Kofoed-Hansen et al. plus including the







if n is integer
if n is half-integer and the inclusion of multi-loop tra-
jectories causes the more complex structure of these
equations to arise. Important facts to be considered
I were pointed out as
-52-

(1) Vary a, K and Z*. constant. Families of similar
trajectories result differing only in scale
factor; thus (a-Zj-) and r are proportional
to a. This is a symmetric family.
(2) Vary ZM by & Z*,, K and a constant. A dis-
placement parallel to the z axis in the tra-
Jectory results. The point on the trajectory;
(z if r^) becomes (z + & Z^, r^) .
(3) Vary K, a and Z», constant. A variation in the
form of the trajectory results.
The most general family of trajectories was
i given by (with K constant)
z = aK^U0< (1i;)+2TTnLj;ciK)]+ Z^) (III-12a,
o.e
-hTcosT/* (lll-12b
in a form similar to Equations (III-9). This family pro-'
i
vides the property of complete focusing since, in this
case, the magnetic field acts on particles of the same
momentum but with different initial conditions.
j
In the case where p^ ^ 0, i.e., there exists a
^momentum component parallel to the flux lines, the
authors gave the following trajectory equations (assuming;





^[/-4(^)VKcosn/^cas^7^ + Z« (III-13a)
r- ae K,°,v[i4i(^)* K<wVeaKtosU] (III-13b)
96= K ~V"( k,» <£a« * ^»m (III-13eJ
where
VCk.U) =£ X«-o»>J^, - 7 (iK)(ip-TT) +
7L ^(-Ol Tjt(tK)sin.lu (III-H)
The functlonsU(K ,"V>) and V(K , V ) are provided in tabu-
lar form by the authors.
Using these equations as elements of a boundary'
I value problem, the entrance and exit profiles of the mag-
S netic field region can be determined. The problems of
ghost peaks, dispersion, resolution, transmission, etc.
i
; were treated with and without the effects of fringing and:
techniques were presented for simplified application of
I
I
the theory to any practical design for a spectrometer.
iAs well, all necessary functions useful in the calcula-
Itions were tabulated.
In brief, the fringe field effects were shown to
have generally deleterious effects on the properties of




tc reduce the available transmission and resolving
;
power^ of the device although the device was still po-
tentially superior to any other spectrometer in terms of
transmission available. The major contribution of these
authors lay in the complete analysis of the total problem,
. thus demonstrating methods to be used to minimize the
problems of the fringe field effects.
The design and construction of the Notre Dame
: monochromator predated the complete development of the
theory as related by Jaffey et al. The Notre Dame design
was adapted from the Kofoed-Hansen et al. design, the
major difference being the use of the 120 degree entrance
\
angle rather than the 90 degree angle of the Swedish de-
jvioe. This change was necessitated by the requirement on
bending the main electron beam, as well as the post-
bremsstrahlung electrons, through angles greater than 90
degrees. The various theoretical developments Just
I traced were used by the present author to verify the ex-
:
pected operating parameters of the spectrometer.
The primary concern in the initial theoretical
i tests was the determination of the correct entrance (or
I source) position and the correct exit slit position. The
-.
proper location of these positions would serve to ensure
attainment of the optimum operating parameters. The de-




carried out in two ways, each independent of the other.
The first method utilized an analog ray-tracing:
device, known as the "Bug", which was built in this
laboratory. This device will be considered in some de-
tail in Appendix (D). Using the analog ray-tracing de-
vice, trajectories were determined for a range of
electron energies large enough to include non-focused
high and low energy electrons and the proper energy elec-'
trons to check the focusing properties with and without
the fringe field. Repeatability of the resultant tra-
jectories was checked and found to be within two or three
percent deviation in the region of the magnetic field.
These analog results were checked by computer
i
1 calculations using the theoretical expressions discussed
I
previously. Some trajectories obtained are shown in
^Figure (III-2) and verify that the positionsof the source
and exit slits are conjugate points.
The positionsof the source and exit slit, as well
as the proper shape for the exit slit aperture, were ex-
i
perimentally determined by Walter, Shea, and Miller and
|
the method used was discussed in Reference (36),
2, Parameters of Performance
The disappointing performance of the mono-
j
chromator as reported by Malaker forced a complete re-
,


































examination of the effects of source position, exit slit
position and shape, and the effects due to baffles,
a) Transmission and Resolution
Due to the insertion of a rotating coil used to
| measure the magnetic field, the available geometric solid
angle was approximately 2.65 percent of 4tt rather than
the A percent figure which was available to Kofoed-Hansen
et al. Thus, the probability of achieving the desired
transmission value of 2 percent was severely reduced be-
i
fore any tests were conducted.
The initial procedure used was to test the
monochromator in the original configuration as set up by
Malaker, described in detail in a later section, in order
to improve the performance or, at the very least, to
; explain the low transmission measured by Malaker. The
1 "57
test procedure used was as follows: a calibrated ^'Cs
1
; source was moved in the median plane normal to the Z-axis,
Electrons were detected with a plastic scintillator
!
placed behind the exit slit. For each source position,
:the exit slit was sequentially (a) changed in size, then
(b) repositioned in the median plane normal to the Z-axis,
then (c) moved parallel to the Z-axis. Changing the
position of the source affected the transmission by, at
most, 10 percent. Changes in exit slit position, both




deterioration in the transmission and resolution
parameters. The salient feature of these tests was a
•failure to improve the transmission by more than 25 per-
i
cent as a result of changes in both source position and
slit shape. The optimum transmission measured was .21
percent compared to the .17 percent measured by Malaker.
' (In fact, the transmission without slits or baffles was
only .9 percent of 4tt J)
i
The problem of the low transmission was re-
solved by moving the plastic scintillator closer to the
;exit slit. When this change was made, the transmission,
'without baffles or slits, was raised to 2.4 percent or
.90.5 percent of the available geometric solid angle. In-j
troduction of a baffle to eliminate direct transmission
!
Ibetween the source and the exit slit, reduced the trans-
mission to 1.8 percent, 69 percent of the geometric solid:
angle, at a resolution, a P/P, of 9.2 percent. The
tests described above were then repeated using the new
position of the scintillator. These tests demonstrated
an optimum transmission of .7 percent (corresponding to
an electron acceptance cone of half-angle 9.5 degrees)
with an associated resolution of 1.98 percent. It was
I also determined in the course of this investigation that
i th# electron acceptance cone was right elliptical in






rather than right circular as had been previously assumed.
However, computer evaluation of the bremsstrahlung cross
sections using a right elliptical electron acceptance
cone of the measured size showed a negligible error was
introduced by assuming this cone to be right circular in
form.
The introduction of an exit baffle, described
further in Section (III.B.2.c), was necessary in order to
reduce the excessive electron count rate in the electron
detector. This added restriction resulted in a final set
of parameters which were a transmission of .44 percent
and a resolution of 2 percent. These parameters were con*
sidered adequate for the pair creation measurements.
b) Figure of Merit
In previous evaluations of the Notre Dame mono-
i
; chromator, the criterion for acceptable performance was
<
taken to be the ratio of the number of monoenergetic
photons produced to the number of electrons detected in
the electron detector. Thus, if the electron count rate
was higher than expected the relative performance of the
monochromator appeared to be unsatisfactory. Since all
previous checks had indicated an excessive electron count
rate, it was necessary to determine a parameter which was;
a measure of the efficiency of the system for producing
monochromatic photons in a given solid angle for a
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;measured post-bremsstrahlung electron acceptance solid
' angle, without regard for the accompanying electron count
rate. The figure of merit was defined as the ratio of
; the measured bremsstrahlung cross section, to "be described,
i
to the calculated cross section (calculated using Equation
(11-29)) for the same photon emission solid angle and
electron emission solid angle. The ratio is given by
EXP
H. (dsB )/ r r d?<r do-da*
d * ' A a *aQpaQ-
Numerous tests using foils of various thicknes-
| ses and atomic numbers were conducted. Over the fraction*-
al photon energy range .4 to .6 using a thin (1.16 mg/cm
j)
Ni foil, an average figure of merit of 1.07 + .07 was
measured. Final tests with a gold foil (1.41 mg/cm2 )
over the fractional photon energy range of .5 to .75 gave
an average figure of merit of 1 .00 + .06. The conclusion
is therefore clear that the monochromator is very effi-
cient in the production of monoenergetic photons.
c) Electron Scattering
The major problem experienced in the continuing
development of the monochromator has been the existence
of extraneous electrons, nominally of the correct energy,
T -k, but not corresponding to the production of mono-
energetic photons. In the work of Walter and Shea,
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inelastically scattered electrons were found to give a
factor of 10 too many electrons. The introduction of a
45 degree bending magnet between the energy control slits
and the gold foil eliminated the slit scattered electrons
(a factor of \0-) ) but there remained a factor of ten
times too many electrons. This difficulty was sufficient
to obviate the use of the monochromatic technique in
nuclear resonance fluorescence studies. As a result of
this experience, Malaker suggested the existence of an
extra factor of ten in the inelastic electron scattering
cross section.
In order to gain insight into the possible
sources of the excess electron rate, consideration of the
electron scattering phenomenon is important. Bremsstrah-
<
lung is not considered in the following discussion.
When electrons interact with matter, the parti-
cles can lose energy and can be deflected from their
original trajectory. In the energy range of 1 to 3 MeV,
the deflection of the electrons is almost entirely due to
elastic interaction with the atomic nucleus. The energy
;loss results from interaction with the atomic electrons.
It is possible to consider these two phenomena separately
although they occur together.
i) Elastic Scattering




classes as: (1) Single Scattering, (2) Plural Scattering,
(3) Multiple Scattering, and (4) Diffusion. The criterion
for determining which process takes place is expressed
In terms of the areal density of the foil and the cross
section for the scattering process. For the foils used
in the present research, the condition n <f „„ kmm ~ 1' SCATT.
is satisfied and multiple scattering is the dominant pro- 1
cess. Generally speaking, multiple scattering indicates
that the target is so thick that the mean number of
scattering processes which take place in the foil is
larger than about twenty. The angular distribution
function is approximately Gaussian unless the mean angle
of scattering is greater than approximately 20 degrees. -^
Theoretical investigations of multiple scat-
tering have been carried out by Bothe' , Williams' ',
Moliere' , and by Snyder and Scott. " For small values
of the scattering angle (®< 20 degrees), Molidre ob-
tains relatively simple, and experimentally confirmed,
i
angular distributions for the probability that an elec-
tron passing through a foil of thickness d will be scat-
tered through an angle © into the solid angle
d-Q =f 2rr(9d® . His expression is given by








/ T-»m«c »-_ m.c*'
*
m«ci T + m.c
with n being the foil areal density (g/cm ), Z is the
atomic number of the atoms of the foil and A is the atomic
weight, T and mQ are the kinetic energy and rest mass of
the incident electron. The parameter B is related to the
mean number of collisions, C, given by Moliere as
10 c - 8.215 + io^ r _jq_ r*- ] (111-16)
AZV3 |.is
with y = cxZ//3 .
Projecting the distribution of Equation (III-.15)
onto a plane parallel to the incident beam direction
results in a "projected angular distribution" given by
V($)d^ = [rT"'/z exP (-91)+ f,($)/B + fa&/&*+] dg> (111-17)
where
9= £/xc Vb"
B is tabulated in References 75 and 78, for various
values of C. The functions F. , F , f , and f2 have also
been tabulated by Moliere.
The mean value of the scattering angle, (& , is
given by Holidre as
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Z © - § - Kc i& (1+ 0.982/B-0.i>7/8 a + -.- ).
(HI-18)
Hanson et al. give an expression for the 1/e th angle
as





Experimental studies by Kulchitsky and Latyshev,
with 2 MeV incident electrons, confirms, for a large number
of elements, the theory as presented by Koliere.
A series of calculations on the distributions
I and mean scattering angles in a variety of target foils
I was carried out. The results of this study indicated tha
' the dependence of the mean scattering angle on the areal
density of the foil (through the 3 parameter) might play
an important role in accounting for the excess electron
count rate. This circumstance arises due to the possi-
bility of widely scattered electrons interacting with the
baffles and pole pieces of the monochromator magnet in
inelastic collisions after the scattered electrons had
passed the foil. For a gold foil of areal density 2.56
mg/cm and an incident kinetic energy of 2.86 MeV, the
mean value of the scattering angle is 7.6 degrees indi-
cating that a finite percentage of the electrons is
-64-

elastically scattered to larger angles. Thus, since the
angle between the median plane and a pole piece is 15 de-
grees, and also since the effect of the magnetic fringe
field is to bend off-axis particles towards the pole
pieces, a finite percentage of the beam might hit the
baffles and pole pieces. A simple calculation shows that
if only 16 electrons per million in the main electron
beam were thus scattered from the baffles and pole pieces
such that their trajectories terminated in the electron
detector, the excess electron rate would be accounted
for. The use of a 1 .41 mg/cm foil at the same energy
reduces the mean scattering angle to a value of 3.8 de-
grees. More Importantly, the use of thinner target foils t
coupled with a new exit baffle, did reduce the excessive
electron count rate by about a factor of three.
li) Inelastic Scattering
Since the majority of theoretical and experi-
mental studies of energy loss by electrons in matter are
concerned with the most probable energy loss and the mean
energy loss per unit path length, it was difficult to de-
termine the value of the relative cross section for
energy losses of the order of .5T or greater. The ex-
Ro 83
cellent papers by Paul et al.,^ Knop et al., and Febal
et al. ^ allow at least an approximate determination of
the relative magnitudes of the bremsstrahlung and
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Inelastic processes. From the former papers, It can be
deduced that, for large energy losses, the contribution
to the electron count rate would be of the order of 1
.3
electrons per million in the main electron beam for foils
p
of areal density 2.2 mg/cm . This is roughly one order
of magnitude less than the value needed to account for
the excess detected electron rate.
iii) The Excessive Electron Count Rate
From the discussion of the former two sub-
sections, it is possible to reach at least some qualita-
tive conclusions as to the origin of the electrons de-
tected which do not correspond to monoenergetlc photons.
The inelastic electron scattering contribution seems to
be a factor of ten too low to account for the extra elec-
trons if they are assumed to arise from processes in the
foil. On the other hand, the use of thicker foils
(2.56 mg/cm2 ) gave rise to higher count rates than did
the thinner foils (1.41 mg/cm ), the difference being
unaccountable solely in terms of inelastic processes in
the two foils. The difference could be understood in
terms of a reduced number of interactions in the vacuum
chamber corresponding to the smaller mean scattering
angle for the elastic process in the thin foil.
At the same time that the thin foils were in-










in the vacuum chamber in such a manner that part of the
graphite collection box, which monitors the main beam,
was masked. Since this part of the collector box was
nearest the exit slit and could no longer be reached by
the main beam, it is not possible to state unequivocally
that the use of the thin foils or the baffle alone was
responsible for the reduction in the electron rate. The
reduction was deemed evidence enough that the processes




As shown in Figure (III-3), the Initial mono-
chromator configuration consisted of an entrance slit, a
baffle between the entrance and exit apertures, and an
exit silt. The entrance slit consisted of a circular
disc of graphite one inch in diameter having a centered
three-sixteenth inch diameter hole drilled into it. The
I side of the slit towards the exit side of the system
was
grooved in order to pass the beam which was deflected
in
the fringe field of the magnet as soon as it left
the
soft iron shunt flange. The vertical baffle, which
stood
! at the apex of the pole-face in the fringe
field of the
magnet, was constructed of one-half inch thick
graphite.





disc with a one-sixteenth inch wide by one inch high
quarter moon slit located one quarter- inch off center.
The long dimension of this aperture was vertical and the
precise shape of the slit was determined from the elec-
tron beam photographs of Walter and Shea. The plastic
scintillator was positioned about one and one-half inches
away from the exit slit. This configuration gave a
transmission of .17 percent.
b) Intermediate Configuration
Tests conducted on the monochromator while in
the above configuration indicated that some major changes
were necessary if the performance of the device was to be
improved. Transmission measurements indicated that the
circular exit slit tended to cut off electrons due to the!
unexpectedly strong effects of the fringe field. Also,
I
the entrance slit did not prevent the scattered electrons
from striking the aluminum rotating coil holder so that
the possibility of the beam interacting with this object
was present. For these reasons, the entrance slit was
replaced by an entrance baffle constructed of one-half inch
thick graphite. The aperture of this baffle was con-
structed so that at least + 14 degrees of the <p -angle
and a range of entrance angles, y B , from 90 degrees to
150 degrees were available. The vertical baffle was re-












The exit alit remained essentially unchanged In position
and shape. The plastic scintillator was moved to within
three-thirty-seconds of an Inch of the exit slit. The
transmission in this configuration was measured to be .7
percent. This configuration is shown in Figure (III-4).
c) Final Configuration
Difficulties with an excessive electron count
rate led to the Introduction of yet another baffle.
This baffle, constructed of one-half inch graphite, was
placed onto the exit side of the magnetic field and was
placed close to the pole edge in a manner similar to the
entrance baffle. The aperture of this baffle allowed ac-
ceptance of
<f>
-angles less than + 14 degrees and re-
i
stricted the range of entrance angles to approximately
100 degrees to 150 degrees. This reduced the available
•geometric solid angle to about 2.24 percent of 4tt .
The entrance baffle, vertical baffle, exit slit, and
plastic scintillator were left unchanged. The exit
i
baffle was positioned in such a manner as to mask part of
'the collector box used to monitor the main electron beam
current. It was therefore necessary to limit the range




where C > 1.5, in order to keep the main beam away from
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the exit baffle. The measured transmission for this final




Bremsstrahlung and Pair Creation Targets
1
. Bremsstrahlung Target Foils
A number of thin self-supporting gold foils
have been used in the tests of the monochromator and in
the pair creation study. These foils, obtained from
J. M. Key Company, are cut by a machined die of known
area. The areal density is then determined by weighing
the foil section. The gold foil used in the investiga-
tion of the pair creation process had an areal density
of 1 .41 ± .01 mg/cm and was shown to be free of holes
and visible flaws by microscopic inspection.
2. Pair Creation Targets
The target samples used in this experiment were
positioned at a distance of 69 centimeters from the
bremsstrahlung foil. The target was rotated so that the
normal to its front face bisected the angle formed at the
intersection of the incident beam direction and the
. center line of the detector. The geometrical center of
the target was placed at the intersection of the beam
line and detector center line. Repeatability of this
set-up was ensured by use of a target stand, the loca-









The rotatable target stand rested on a lucite disc
inscribed with alignment marks at 30 degrees and multi-
ples of 45 degrees. Proper angular alignment was en-
sured "by lining up the 30 degree reference mark with a
I
beam direction line inscribed on the immovable aluminum
table. The height of the target holder itself was made
such that the center of the target sample would be at the
altitude of the bremsstrahlung source.
The lead target consisted of four matching
natural lead sheets, each four inches high by four inches
long by one-eighth inch thick, arranged to form one piece
v/lth dimensions eight Inches wide by four inches high by
one-quarter inch thick. The areal density of the target
was measured to be 6.985 ± 0.07 gm/cm .
The tin target was made up of sixteen sheets of
lead-free natural tin, each six inches wide by four inches
i
high by one-sixty-fourth inch thick, arranged to form one
\
piece of dimensions 6 Inches wide by 4 inches high by one^
fourth inch thick. The areal density of this target was
determined to be 4.47 ± .04 gm/cm • The tin was supplied
by Fisher Chemical Company.
Both targets were initially encased in sheets
of lucite, one-sixteenth inch thick, front and back in or-
i
der to ensure that any positrons escaping from the target
would annihilate in the lucite. Experimental measurements
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Indicate that, within the statistical uncertainty of the
data, the effect of the lucite was negligible. The lucite
was used for support, however.
D. Detection and Counting Systems
1 . The Experimental Layout
Annihilation radiation arising from pairs
created in the target samples was detected at 120 degrees
relative to the incident beam direction, as indicated in
Figure (III-6). The scintillator used was a two inch
diameter by two inch thick Nal(Tl) detector, obtained from
the Harshaw Chemical Company. This crystal was mounted,
using Dow Corning type C-2-0057 silicone coupling com-
• pound, on an RCA-6342A multiplier phototube. The photo-
tube was wrapped with Netlc and Conetic magnetic shielding
'material obtained from Perfection Mica Company.
Monochromatic photons were detected at zero de-
I
grees, as indicated in Figure (III-7), using a second two
inch by two inch Nal(Tl). This crystal was also mounted
on an RCA-6342 multiplier phototube but with Dow Corning
i "200" coupling fluid. Magnetic shielding material also
protected this phototube.
Recommended ^ voltage dividers were used for
both tubes such that the application of -1500 volts to
the photocathode provided the correct dynode potentials.




Experimental layout showing 1 20° photon







The post-bremsstrahlung electrons corresponding
to monochromatic photons were brought to a focus at a
NE-102 plastic scintillator, obtained from Nuclear Enter-
prises Limited, of diameter one inch and three-sixteenths
of an inch in thickness. The scintillator was coupled,
with the Dow Corning type C-2-0057 compound, to an opti-
cally clear lucite light pipe which in turn was coupled in
the same manner to an RCA-7746 multiplier phototube.
This phototube was wrapped in magnetic shielding material
and in an Insulated layer of aluminum foil which was con-
nected to the photocathode to provide an electrostatic
shield.
A recommended voltage divider was used such
that the application of between -2000 volts and -2400
volts to the photocathode provided the correct lnter-
dynode potentials. The commonly used voltage was -2000
volts being provided by a Fluke High Voltage Supply.
The use of the long light pipe in the electron
detection system was necessitated by the magnetic fringe
field interaction with the RCA-7746 multiplier phototube.
When the photocathode of this tube was closer than 2.5
inches to the exit slit, the magnetic field in the mono-
chromator could be set to only 60 percent of its maximum




Experimental layout for monochromata









2x2 Nal(TI) Photon Detector

Igggg
phototube output. Placing the tube in position ao that
the photocathode was magnetically well shielded and more
than 2,5 inches from the exit slit allowed use of the full
magnetic field with no detectable pulse distortion or
loss in gain.
The choice of the two inch by two inch Nal(Tl)
scintillators was dictated by the necessity to compromise
pulse rise time and detection efficiency. A larger
crystal would give better detection efficiency but a slow
rising pulse while a smaller crystal would give a fast
pulse but with poor detection efficiency. The rise time
of the current pulse from the two inch by two inch crystal
is about 25 nanoseconds while the detection efficiency is
about 55 percent for .511 MeV photons. These parameters
were deemed sufficient for the present studies.
The Ne-102-RCA-7746 combination was selected
after tests of various combinations of Pilot "B", Naton
136 and NE-102 scintillators with 7746 and 681 OA multi-
plier phototubes.
2. Electronics
Standardized electronics modules were used in
the coincidence circuitry for the investigations reported
here. The Chronetics Nanologic System components were
used in conjunction with an amplifier and pulse shaping
or















































circuit was used in the photon arm and allowed for
flexibility and reliability in the selection and energy
analysis of the gamma-ray pulse height spectrum. Figure
(III-8) is a block diagram of the electronic apparatus
used. The circuit labelled A1 is the Chagnon designed
circuit mentioned earlier.
The purpose of the circuitry is to selectively
energy analyze the pulses from the Nal(Tl) crystals.
This selection is carried out by opening the gate of the
circuit whenever a time coincidence occurs between a
post-bremsstrahlung electron of energy TQ-k and an annihi-
lation photon (or, in the case of monochromats, a photon
cf energy, k). The coincidence selection is made on the
basis of a required coincidence between the output pulses
of the Ghronetics discriminators labelled D2y and DZ^
|
In Figure (III-8). The occurance of the required coinci-
' dence in a Chronetics And circuit gives an output pulse
which controls the opening of the gate in the A1 circuit.
| Those pulses which are passed by the gate are energy
analyzed in a Nuclear Data Model 1 60 Analyzer System.
A fast-slow coincidence technique modeled after
1 that used by Malaker was tested extensively and found to
provide no significant Improvement over the fast coinci-
dence only system finally used.
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a) The Fast Electron Arm
The fast output current pulses from the RCA-
7746 multiplier phototube were transmitted from the tar-
get area to the control room over approximately 1 50 feet
of RG-62/U cable directly to the input BNC of the Chro-
netics Nanologic System. Continuous checks were carried
out to ensure that no reflections or multiple pulsing
events occurred. These checks were made using either the
Tektronix type 561 A oscilloscope with a 3T77 sampling
unit or with a Tektronix type 581 oscilloscope with a
type 82 vertical amplifier. The rise time of the former
combination is 0.4 nanoseconds and for the latter 1 .5
nanoseconds. No reflection problems were encountered.
b) The Fast Photon Arm
The output current pulses from the RCA-6342A
multiplier phototube were transmitted over approximately
140 feet of RG-62/U cable to the control room. These
pulses were inputs into the amplifier system, A1 . In
this circuit, the signal was split with the "slow" signal
being integrated and shaped and delayed. The "fast"
signal was clipped and sent into the Chronetics coinci-
dence system. The lower level discriminator of the Nano-
logic discriminator triggered at a pulse height correspond
ing to a 100 keV photon. The resulting discriminator
output pulses were monitored by a Hewlett-Packard (Model
-76-

5254L) electronic counter In order to provide continuous
information on the Integral photon counting rate.
In each arm, the first discriminator output
pulses were used as inputs to a second Chronetics dis-
criminator in an effort to increase reliability at high
count rates. The use of the uniform output pulses of
D1j (or D1^ ) as Inputs to other discriminators (D2jr
or D2^ ) did allow an increase of a factor of 10 in the
repetition rate in each arm.
The gain of the system was adjusted to place
the 51 1 keV photons in relative channel thirty and to
give a 1 2 keV/channel slope to the energy versus channel
analyzer resolution curve. Linearity of system gain was
checked using sources of -^'Cs and Co. For the mono-
chromat runs, the same system was used except that for
timing checks the analyzer resolution was changed by
adjustment of the voltage on the photon detector base in
order to give the monoerglc photons a pulse height cor-
responding to the annihilation radiation pulse height
from the Nal(Tl) detector. Gain stability was checked
using the sources previously noted.
c) Intrinsic Circuit Resolving Time
The intrinsic resolving time of the fast coinci*
dence system was tested using either a Texas Instruments
207




Intrinsic resolving time delay curves as a
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tests with the pulser, the output pulse was shaped to
approximately the form of the election detector output
pulse and was then split with one signal going to the
electron side of the system unaltered while the other
signal was stretched and used as an input to the photon
arm of the coincidence circuit. Delay curves were then
taken for various lengths of the clipping lines used with
D2^ and D2* • These curves are shown in Figure (III-9)
The tests using the 'Bi source were conducted with the
source placed in the foil position by gating the detec-
tion of the 570 keV gamma-ray, from the first excited
207
state transition to the ground state in ' Pb, with the
970 keV K-conversion electron from the decay of the
1.634 MeV level in 207Pb to the .570 MeV level. These
curves are shown in Figure (111-10).
d) Overall Circuit Resolving Time
Final tests on the circuit resolving time and
coincidence efficiency were conducted by measuring the
yield of monoenergetic photons as a function of delay in
the beta arm of the coincidence system. This curve is
shown in Figure (111-11). The final resolving time, 2o-
equal to 7.6 nanoseconds, was used since this set-up pro-
vided ample assurance of 100 percent coincidence effici-
ency. The four nanosecond wide flat-top of the curve




Overall circuit resolving time as a
function of delay in the electron arm.
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Typical operating resolving time curve as
a function of delay in the electron arm
using monoenergetic photons.
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without destroying the property of 100 percent coincidence
efficiency.
E. Detection Efficiencies
The detection efficiencies for the annihilation
photons were experimentally measured by use of a gamma-
ray source of known strength placed successively at the
center position of each of the volume elements into which
the target sample had been divided (see p. 33 ). The
number of photons was then counted at each volume element
for a fixed time interval.
The same aluminum grid plate described by
Loscoe was used for this measurement. The aluminum grid
was placed at the target position and the IJ positions
were counted. Due to the thinness of the target samples
only the k = 1 measurement was made. The effects of the
absorption in the various conceptual K layers were evalu-
ated in the computer calculation of the yield expression
since the uncertainty in target (grid) location was of
the order of the uncertainties in the absorption coeffi-
cients. 87
The absolute gamma-ray emission rate of the
source used in the detection efficiencies determination
was measured with a three inch by three inch Nal(Tl)
crystal. The source was placed along the center line of
the detector at three accurately measured distances and
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the number of counts In the full energy peak was
determined for each distance. The solid angle subtended
by the crystal at the source v/as calculated and the known
CO
values of incident intrinsic efficiency and peak-to-
total spectrum ratios were used to provide the source
strength for each position. The weighted mean of these
three measurements provided a measured source strength to
within + 5.0 percent.
Source full energy peak efficiency m is taken
as
S
where S is the measured source strength and Np is number
of counts in the full energy peak. The efficiency for
each volume element was determined by dividing the number
of counts under the photopeak by the measured source
strength. The statistical uncertainty of the measured
area under the full energy peak (after a computer fit)
varied from + 3.3 percent (the worst case) to less than
1.5 percent (the best case). The variation noted resulted
due to the location of the volume elements, those far-
thest from the center line of the detector having the
greater statistical uncertainty. The corresponding source
full energy peak efficiencies were thus known to within
+ 6 percent and +5.2 percent respectively.
Due to the manner in which these efficiencies
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were measured the attenuation of the annihilation quanta
in the lead and graphite absorbers placed before the de-
tector was included in the measured values of "?
.
Two sources were used for this measurement.
The relative efficiency measurements were made using a
1 37cs source of high specific activity. The annihilation
op
quanta from a "Na source of low specific activity were
used to provide the reference value ^ for the measure-
ment. As a consistency check the ^'Cs data were
; corrected for: 1) the total absorption coefficients for
the pair creation samples and the lead and graphite ab-
. 89
sorbers, 2; the incident intrinsic efficiencies for
the two inch by two inch Nal(Tl) crystal, and 3) the
peak-to-total spectrum ratio^ for this crystal. These
137
corrections resulted in a corrected ^ for tnl s Cs
22data which was in agreement with the Na value.
F. Photon Shielding
A major experimental difficulty encountered in
using the bremsstrahlung continuum in the production of
monochromatic photons is the presence of a large number
of extraneous photons produced in the target foil or in
any part of the beam handling system struck by the main
beam. Great care must be taken to provide a clean un-
cluttered beam path, to optimize detector locations, and
to place as much shielding as possible between the
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detectors and points struck by the beam.
Three major sources of bremsstrahlung flux are
the energy control silts, the target foil, and the
graphite collector box. Introduction of the 45 degree
bending magnet allows the experimental set-up to be
placed out of the direct flux of slit produced bremsstrah-
lung quanta. The bremsstrahlung produced in the graphite
collector box is directed away from the detector since
the main beam is deflected through an angle of 90 degrees
or more, relative to the incident beam direction, before
hitting the collector box and the resultant bremsstrahlung
distribution is peaked in the forward direction. The
flux produced in the target foil is attenuated over the
direct path to the detectors by the use of lead and
Mallory-2000 shielding, a tungsten alloy with a density
of 18 g/cm^. These factors will be discussed in some
detail in the next two sub-sections.
1 . Electron Detector Shielding
The electron detector assembly is located in
the flux of photons produced in the energy control slits,
i
in the bremsstrahlung target, and in the baffles, col-
lector box, and exit slit of the monochromator.
In the direct line between the energy control
slits and the plastic scintillator were placed four inches
of Kallory-2000 metal and ten inches of lead. The count
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rate in the electron detector from this source is negli-
gible.
The distance between the gold bremsstrahlung
foil and the plastic scintillator was occupied to a large
extent by the monochromator vacuum chamber. For this rea-
son the vertical baffle in the monochromator was con-
structed of one-half inch thick lead. There was also
sufficient space external to the vacuum chamber to place
2.3 Inches of Mallory-2000 between the foil and the
scintillator. The cross section for bremsstrahlung pro-
duction at 90 degrees is small and therefore the flux of
photons arising in the foil and being detected by the
plastic scintillator is estimated to be negligibly small.
The number of photons produced by bremsstrahlun$
in the baffles, collector box, and exit slit of the mono-
chromator and detected by the electron detector was
measured by filling the exit aperture with a one-half
inch thick graphite disc. Over the fractional photon
energy range used in this experiment, .5 to .75, the
contribution to the total count rate was less than 5
percent.
As seen in Figure (III- 6 ), the electron de-
tector assembly was positioned in a lead and Mallory-2000
ihouse which provided a maximum of 14 inches of shielding
and a minimum of 2 inches (top). The total amount of
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shielding used was limited by the space available for the
construction of the house.
The small size of the plastic scintillator
coupled with a low absorption coefficient also aided in
keeping the photon contribution to the total count rate
small.
2. The Photon Detectors Shielding
The interlocked lead house described in detail
by Loscoe was used to house the annihilation radiation
detector. This set-up is shown in Figure (III- 6 ) also.
Two changes were made to the house described by Loscoe,
however.
First, only the 120 degree detector position
was used in the present research with the other channels
being filled with approximately eight to ten Inches of
lead shielding. The two inch by two inch Nal(Tl) de-
tector was further shielded by a lead collar to prevent
scattering-in by photons which penetrate the lead house.
Second, the necessity to mount the drive motor
for the rotating coil in the lead shielding, approximately
between the target foil and the 1 20 degree detector,
forced an approximate two inch reduction in available
lead shielding. This loss was made up to some extent by
repositioning the Mallory-2000 material as indicated in
I
Figure (III- 6 ). Previous measurements have shown that
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no more than two percent of the total photon count rate
arises from direct penetration of the lead house. About
182 centimeters of lead v/ere placed between the 120 degree
detector and the energy control slits. More than five
tons of lead and two hundred pounds of Mallory-2000 were
used in the construction of the shielding assemblies.
Another much smaller lead house was constructed
for the monochromatic photon detector. This house used
the lead pig assembly used by Malaker and described on
page 73 of Reference 90. Additional lead bricks were
used to collimate the photon flux and to shield the back
of the assembly. With the exception of the entrance
aperture, a minimum of two inches of lead and a maximum
of six inches of lead shielded this detector. (Removal
of the rear protection showed that only five percent of
the total photon count rate was due to photons back-
scattered from the walls of the target room.)
G-. Procedure
In any measurement involving the use of photons
from the bremsstrahlung spectrum to measure a physical
process, the number of usable photons in the energy in-
terval and solid angle of Interest represents a major
source of uncertainty. Therefore, the use of either well
verified theoretical predictions of the cross section or








necessary to gain an accurate knowledge of the incident
flux. Since no measurements have been made integrated
over the small electron emission cones used in this ex-
periment, it was necessary to carry out, as an adjunct




The Bremsstrahlung Cross Sections
The yield of monoenergetic photons was measured
by placing a well shielded two inch by two inch Nal(Tl)
detector in the direct photon flux with the detector
center line coincident with the incident beam direction.
Ideally, the detector should be so set up that it subtend*
a solid angle at the foil equivalent to that of the pair
creation target. For incident electron energies of 1 .65
MeV or less, this procedure was possible if the beam
, current did not exceed 1 nanoamperes, since higher cur-
rents produced excessively high ( > 20 kHz) counting
rates in the photon detector. For higher incident elec-
tron energies, it was necessary to reduce the detector
solid angle.
Measuring the bremsstrahlung cross section for
a small photon emission solid angle raises a question of
validity in extrapolating the measured cross sections to
larger photon emission solid angles (such as that sub-




To examine this dilemma, a series of measure-
ments was made with the detector located 25 cm. from the
foil and subtending a solid angle equivalent to that of
the target sample. The detector was then relocated a
distance of 4.5 meters from the foil and the measurements
repeated. A comparison of the resultant figures of merit
indicated no significant change in the figure of merit
within the statistical and geometric uncertainty of the
measurement. These measurements were made at an Incident
electron energy of 1 .54 MeV and a monoenergetic photon
energy of ,66 MeV. The assumption was made as a result
of this test that the figure of merit measured for a
small photon emission solid angle could he applied to the
theoretical cross section corresponding to the target
solid angle to an accuracy within the uncertainty of the
measurement.
Monochromatic photon yields were measured for
incident electron energies of 2.86 MeV and 2.3 MeV. At
the former energy, 4 x 10"5 Coulombs of charge were col-
lected for each of five photon energies, which were
1.533 MeV, 1.570 MeV, 1.71 MeV, 1.85 MeV, and 2.0 MeV.
At the latter electron energy, 8x10^ Coulombs of
charge was collected at a photon energy of 1 .2 MeV.
2. Pair Creation
i
The target sample was placed in the photon flux
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in the manner described on p. 70 using the target holder
assembly. The electron beam was then brought out of the
accelerator and steered onto the gold foil. For both the
bremsatrahlung and pair yield runs the beam was centered
using the following techniques. The current through the
LEFT/RIGHT coil of Steering 6 (see Appendix B) was varied
until the beam struck the annular steel foil holder. The
monitored photon rate increased notably and the current
in the coil was then reversed and increased until the
same nominal photon count rate was obtained for the op-
positely directed current. The field in the 45 degree
magnet was then adjusted so that equal deflections were
necessary to obtain the same monitored counting rate.
When this was achieved the beam was centered left/right.
Vertical centering was achieved in the same manner except
that the current through the UP/bOWN coil was adjusted to
be half of the algebraic sum of the currents required to
move the beam to the top and bottom of the foil, respec-
tively.
The centering process was repeated whenever the
j
incident electron energy or the monochromator magnetic
field was varied. Moreover, the centering was checked
before each data run to ensure that the photons being
used arose only in the gold foil (experience has shown
that the slightest striking of the foil holder, even if
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only temporary, completely Invalidates the data).
For the pair creation yield measurements, the
collection of 10"'' Coulombs of data, with an average beam
current of .1 microamperes, constituted one run. The
limiting factor on the beam current was the average count
rate in the electron detector, which was maintained at a
level no higher than 5 MHz. This average rate was de-
termined to arise from instantaneous rates as low as 1 00
kHz and as high as 12 MHz.
Checks using natural sources were made on the
gain stability of the detection and counting system
periodically throughout the data collection process. Un-
less the photon counting rate exceeded 30 kHz, no detect-
able drift was noted. In the annihilation radiation de-
tector, with the electron rate at 5 MHz, the photon count
rate never exceeded 1.2 kHz.
The data were taken sequentially aB true plus
chance coincidence runs, with proper delay in the /3 -arm^
followed by a chance coincidence run, with a delay
.greater than the resolving time of the circuit in the
/4 -arm. A timing curve was also taken at the start of
each period of data collection. A typical timing curve
was presented In Figure (111-11).
The data taken were normalized to the total
number of electrons accumulated. The accumulated charge
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was measured using the current integrator described
elsewhere. 5°
The chance coincidence runs are necessary to
correct the true plus chance coincidence spectrum so
that only the yield due to monoenergetic photons is
considered in the cross section analysis. The chance





Typical pulse height distribution
of monoenergetic photons showing










































IV. DATA REDUCTION AND ANALYSIS
A. Monoenergetic Photons
The pulse height distributions were prepared
for fitting by subtraction, channel by channel, of the
chance coincidence spectrum from the total coincidence
spectrum. Examples of these distributions are shown in
Figures (IV-1 ) and (IV-2) before and after subtraction,
respectively. The background subtracted result was then
fit to a G-aussian using the method of least squares. An
example of the fitted spectrum is shown in Figure (IV-2).
The area under the fitted peak, corrected for
total detection efficiency, was taken to be a measure of
the number of monoenergetic photons incident on the de-
tector. The measured cross section was then determined
using Equation (Il-I4a).
l dk 'EXP
The figure of merit, for each energy, was then determined
as discussed in Section (III.B.2.b). The measured brems-
strahlung cross sections and figures of merit are pre-
sented in Table (IV-1).
B. Evaluation of the Yield Expression
The use of the bremsstrahlung radiation as a
source of monoenergetic gamma-rays necessitated the use





Measured bremsstrahlung cross sections and figures of merit for
electron emission into a cone of half-angle 7.6° and photon







2.3 1 .20 .52 .110+ .006 1 .00 + .05
2.86 1.533 .54 .151 + .009 .94 ± .06
2.86 1.57 .55 .151 ± .009 .99 ± .06
2.86 1 .71 .6 .102 + .006 1 .02 + .06
2.86 1 .65 .65 .068 + .005 1 .09 ± .08
2.86 2.00 .7 .036 + .002 1 .03 ± .07

Figure (IV-2)
Background corrected monoenergetic photon













of the available gamma-rays would intercept the target.
This procedure was further necessitated by the small orosi
sections for pair creation near the threshold energy.
1 . Target Volume Summation
i
A detailed treatment of the analysis of the
detection efficiencies and the Incident photon distrlbu-
90tion has been given previously and only the results of
this analysis will be given here.
The detection efficiencies were determined in
the manner described in Section (III-E). The detection
efficiency, £k (i,j), for each volume element was normal-
ized to the value at the approximate center position of
the I x J grid as
; where "? is the source full energy peak efficiency at
the reference grid position ( i = 4, J = 7, k = 1).
It was necessary to evaluate the term
at each grid position in the I x J x K matrix. It has
! been shown^ that <Xj_ can be represented for such a
I
matrix by an expression of the form




where mm|$|«, *K are the dimensions of each volume
element along the^
:
:i~, J-,psmd k- axis, respectively, h Is
! the distance be^eeh the target sample and the bremsstrah*
lung source measured along the beam direction, and p has
been defined. The target was divided into layers along
the k-axis conceptually to account for self-absorption
effects in various layers of the sample. This division
also allowed full use of the expression for <X
fc
(i,J)
The sum over volume elements of Equation (11-15)
can now be replaced by an explicit sum over i, J, and k
i in the following form,
k 1 J




The terms <£j and <£.' have been replaced by the approxl-
mation pTT . While this replacement is not exact, owing
to the variation in effective thickness as the angle be-
jtween incident and exiting radiation and the normal to the
face of the target changes, numerical calculations show
]
•that the average reduction, over the target, for the in-
cident and outgoing radiation is less than .5 percent and,
I 1.2 percent, respectively^
2. Effects of Target thickness and Area
a) Effects Due to Target Thickness
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Three major factors were considered in the
determination of optimum target thickness. The target
must be thick enough to provide the maximum possible yield
but also sufficiently thin so that self-absorption and
multiple effects, i.e., Compton scattering of incident
monoenergetic photons in the target followed by pair
creation, do not seriously affect the data. The yield
expression, including self-absorption effects, has been
evaluated for various target thicknesses and is shown in
Figure (IV-5) for both lead and tin.
Following the method of Yamazakl and Hollander,
the contribution due to multiple effects has been approxi-
mated by a parameter, oc
,
given by the expression
where yU
c
~ is the Compton absorption coefficient at pho-
ton energy k. Only the multiple effects due to the mono-
energetic photons are considered since only these will
appear in the corrected true coincidence spectrum. The
parameter CX is presented as a function of incident photon
energy in Figure (IV-4a) for lead and in Figure (IV -4b)
for tin. The choice of quarter-inch thick targets can be
seen to combine the properties of high yield and low order
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Multiple effect parameter, (X , as a
function of incident photon energy for
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b) Effects Due to Target Area
At first sight, a target of large frontal area
seems desirable in order to subtend the largest possible
solid angle at the bremsstrahlung source, thereby in-
creasing the attainable yield. For such a large target,
the detector solid angle would also be increased contri-
buting to a larger yield. These effects are offset by
two other effects. As the solid angle subtended at the
bremsstrahlung source increases, the number of detected
photons Increases non-linearly due to the approximate
Gaussian nature of the incident photon distribution.
Moreover, the detection efficiencies for those volume
elements furthest from the center of the target sample are
reduced. The net effect, then, is a leveling off of the
yield as the frontal area of the target is increased.
These effects have been studied by evaluation of the yield
;expression, Equation (IV-1), while limiting the range of
|
the i and J indices for an assumed constant incident pho-
i
ton distribution. These calculated yields are plotted in
Plgure (IV-5) as a function of the half-angle of the
solid angle subtended by the target at the bremsstrahlung
source.
I
The effect of the parameter q in the expression
for the angular distribution of the incident radiation





yield as a function of the half-






















Due to the existence of an annihilation radia-
tion photopeak in the chance coincidence pulse height
distribution, both the total coincidence and chance
coincidence photopeaks were fit to Gaussian curves by the
method of least squares. Two methods were used in the
fitting procedure. In the first case, the photopeak in
!
each pulse height distribution was fit and the resultant
areas under the peaks were subtracted to give the yield.
In the second case, the pulse height distributions were
fit over the energy interval .6 MeV to .7 MeV with an
assumed beam dependent background. This background was
then subtracted, channel by channel, from the initial pulse
i
height distributions. The revised spectra were then fit
as in the first method. The yield was then determined by
I
subtracting the areas under the fitted photopeaks. No
significant variation existed between the yields as de-
termined by these two fitting techniques. The level of
confidence for these fits, determined by the Chi-square
test, satisfied the requirement 'XvF = 1 , where F is the
[number of degrees of freedom. Examples of the data and
| the fits for the two methods are shown in Figures (IV-6)
land (IV-7).
The yield, corrected for multiple effects in th*





Typical annihilation radiation pulse height
distributions for total coincidence (open
circles), fit to a Gaussian (solid L\ne),
and chance coincidence (dark circlea), fit to
a Gaussian (broken line).





Typical annihilation radiation pulae height distri-
butions, corrected for assumed beam dependent
background, for total coincidence (open circles),
fit to a Gaussian (solid line), and for chance






























of pairs created in the target sample which annihilated
in the sample and were detected by the scintillation
spectrometer.
From the discussion of Section (IV.B.1), it
follows that the effect of the angular distribution of
the incident photon flux on the calculated yield must be
considered. Since the value of ocj;(i f J) is fixed by the
geometry of the experimental layout, the parameter q is
the major source of uncertainty in the expression.
To determine the correct value of thiB para-
meter, angular distributions calculated using Equation
(11-29) and the experimental angular distributions pre-
sented by Rester and Dance have been considered. The
experimental distributions were about 20 percent wider
jthan those calculated using the B-H result and the effect
of this disparity will be discussed shortly. The actual
; incident photon distribution differs from those mentioned
! due to small angle multiple scattering effects in the
ibremsstrahlung foil.
As discussed in Section (III.B.2.c), the elec-
tron multiple scattering effects can be accounted for by
the theory of Mollere and appropriate electron angular
| distributions calculated for scattering in thin foils.
The angular distributions of electrons shown in Figures




Electron distribution for an incident electron
energy of 2.86 MeV, photon distribution for a
photon energy of 1 .533 MeV, the resultant con-
volution, and the Gaussian with which the con-


















Electron distribution for an incident electron
energy of 2.3 MeV, photon distribution for a
photon energy of 1 .2 MeV, the resultant con-
volution, and the Gaussian with which the data







J&lculated half -widths at half-maximum for the distribution of
Bultiply scattered electrons and for the Gaussian approximation

















2.30 1 .20 1.41 2.28 5.60 6.85
2.86 1.533 1.41 1.85 5.02 6.15
2.86 1.57 1.41 1.85 4.94 6.05
2.86 1.71 1.41 1.85 4.85 5.93
2.86 1.85 1.41 1.85 4.80 5.86
2.86 2.00 1.41 1.85 4.70 5.75

incident photon flux angular distribution can now be
obtained by folding together, or convoluting, the electron
and photon distributions. Convolutions based on the
theoretical photon distribution are shown in Figures
(IV-8) and (IV-9) also.
The convolutions were fit to a Gaussian normal-
ized by Co so that the average value over the angular
range subtended by the target (e.g., -6.5° to +6.5) was
unity. The convolution for each photon energy was car-
ried out using the calculated photon distribution since
the measurements by Rester and Dance were conducted at
rather large angular intervals. A composite angular
distribution was constructed consisting of the theoretical
distribution for half-angles less 3 degrees and the
: Rester and Dance result for larger half-angles. The com-
poslte convolution half-widths were approximately 20 per-
: cent wider than those obtained using the B-H result.
| Consideration of the effect of the q parameter on the
calculated yield is, therefore, quite important.
The annihilation radiation yield has been cal-
culated as a function of q using Equation (IV-1). By
properly adjusting the Co parameter as q is increased,
a yield curve such as that shown in Figure (IV-10)
results. From this calculation, it can be determined that




Calculated annihilation radiation yield as
a function of the half-width at half-maximum














per degree in the region of the calculated half-widths, q
(see Table (IV-2)). Thus, an error in the widths of the
angular distribution of as much as a few degrees does not
have a major effect on the calculated yield.
To determine the pair creation cross sections,
the yield expression was evaluated as a function of the
cross section and plotted versus (j1 , The plot was
then entered with the measured yield to obtain the mea-
sured pair creation cross sections.
The calculated and measured yields for the
element lead are shown in Figures (IV-11) and (IV-12).
The measured cross sections are tabulated in Table (IV-3)
and plotted versus incident photon energy in Figure (IV-1J)
Figures (IV-12) and (IV-14) show the calculated
and measured yields for tin. The measured cross sections
are presented in Table (IV-4) and plotted in Figure
(IV-15). Parameters used in evaluation of the yield ex-





Calculated and measured pair creation yield as
a function of pair creation cross section for
incident photon energies 1.57, 1 .71 , 1.85, and













Calculated and measured pair creation yields as e
function of pair creation cross section for inci-
dent photon energies 1.533 and 1.20 MeV for the
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The measured pair creation cross section as a
function of incident photon energy (open circles)
and the Bethe-Heltler prediction (solid line) for
the element lead. The prediction of the JH re-
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Figure (IV-14)
Calculated and measured pair creation yields as
a function of pair creation cross section for
incident photon energies 2.00, 1 .85, 1 .71 , and




















































































































































Measured pair creation cross sections as a function
of incident photon energy (open circles) with the
Bethe-Heitler predictions (solid line) for the
element tin, Z = 50. The prediction of the JH re-
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TABLE (IV- 5)
Parameters used in evaluation of the yield expression.
k yU c
(MeV) (barns/atom)












. 031 . 714




Z = 82 Z = 50
n = 2. 03 x 10 nuclei/cm n= 2.27x10 nuclei/cm
yU = 51.2 barns/atom // = 17. 57 barns/atom
Q = 2. 50 x 10 15 electrons Q = 7. 49 x 10 15 electrons
I.J.K = 8.16.4 I.J.K = 8.12.4
T = 1. 1547
/« = . 332 x 10" 3(o
mi=mj = 1.27 cm
mk = .159 cm
T = . 635 cm

Figure (IV-16)
Comparison of present measurement to the pre-
dictions of Bethe and Heitler and Jaeger and





















Comparison of the present measurement to the
predictions of Bethe and Heitler and Jaeger
and Hulme, small triangles, for tin. (The
















































































































































































































































































V. CONCLUSIONS AND SUMMARY
A. Monochromatic Technique and Bremsstrahlung Cross
Sections
The monochromatic technique has been successful-
ly developed in the course of the present research to the
highest level yet attained in this laboratory. The
technique has been shown to be efficacious in terms of
performing certain meaningful physical experiments. In
addition, possible methods of improving the technique
have been discussed in Appendix E.
As adjunct experiments to the pair creation
measurements, the bremsstrahlung cross section has been
measured for photon energies of 1.53, 1.57, 1.71, 1.85,
and 2.00 MeV at an incident electron energy of 2.86 BtoV
and for the photon energy 1 .20 MeV at an incident electron
energy of 2.30 MeV. These measurements have been compared
to the theory of Bethe and Heitler and with previous ex-
perimental measurements, described in Section (I-C), over
the energy range of Interest. There Is excellent agree-
ment with theory and quite good agreement with the mea-
surement of Starfelt and Koch. The Rester and Dance
measurement agrees well with our measurement only in the
case of the cross section differential In photon energy.
The exact nature of agreement to be expected is unclear
since the present measurement_ylelds the cross section
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integrated over an electron emission cone of half-angle
7.6 degrees while all previous measurements consider the
cross section Integrated over the entire electron emission
solid angle. The importance of these measured cross
sections for the pair creation experiment is clear.
B. Pair Creation
A table of pertinent previous measurements
and their comparison with the JH result is presented in
Table (IV-6) for easy reference. In order to use the
exact calculations of Jaeger and Hulme, which, it should
be recalled, gave cross sections, for tin, terbium, and
lead, at 1.533 MeV and, for lead only, at 2.657 MeV,
many of these experimenters have used graphical inter-
polation and extrapolation of the JH result to cover the
area of their experiment. The resulting comparisons be-
tween theory and experiment have been neither uniform in
their discrepencies nor have the measurements been con-
sistent relative to one another.
The cross sections measured in this research
can be compared directly to the JH result for the inci-
dent photon energy 1.533 MeV. For the lead measurement,
the ratio of the measured cross section to the prediction
of Jaeger and Hulme, °'pAIR
(EXP)/ °PAIR (JH) ' l8 ,#U *
.14. The tin measurement shows agreement with the JH re-
f 1 2
suit as indicated by the value 1.05 _* 10 for the ratio
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Just defined. The experimental cross sections for the
photon energy 1.57 MeV have been compared with the JH
result at 1.533 MeV providing ratios of 1.20 + .15 for
lead and 1.20 + *] 2 for tin. While not strictly valid,
these latter comparisons do demonstrate the increase in
pair creation cross section with increasing photon energy,
Since these measurements are the first absolute cross
sections measured which correspond directly to the JH
predictions, the agreement achieved seems quite satis-
factory.
Comparison with the B-H pair result, a theory
which is predicted to fail in the range of k and 2 used
for this research, has been made for completeness. The
ratio,
^ATR^*2^/ °PAIR^B~H ^' a standard quantity In
the reporting of previous pair creation measurements, is
presented in Tables (IV -4) and (IV-5) as well as in
Figures (IV-16) and (IV-17).
On the basis of the cross sections reported
here, it can be concluded the exact calculations of
Jaeger and Hulme for k = 1 .533 MeV for lead and tin are
in accord with the measured values. If one connects the
: results of the Jaeger and Hulme calculations in lead at
3m c2 and 5.2 m c~ with an assumed curve, or even a
straight line, a "JH pair creation cross section curve"
: is generated. Comparing the present measurements for
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lead to such a curve might be said to indicate that the
measured cross sections are slightly higher than those
of theory. Using the same procedure, with an extra-
2polated JH result at 5.2 m c
,
for tin might seem to in-
dicate that the experimental cross sections slightly
exceed theory over the complete energy range, 1.2 to 2.0
MeV, Rigorous conclusions concerning the behaviour of
the measured values relative to the JH result over the
entire energy range are not possible on the basis of this
hypothetical curve. Such conclusions must await the ex-
tension of the exact calculations over an expanded range






Research conducted by the Electron Group
Division of the Nuclear Structure Laboratory utilizes an
electron beam from the Notre Dame 4.5 MeV electrostatic
accelerator. This accelerator can be used in both the
positive ion and electron accelerating modes. Intro-
duction of a source interchanged^ in 1963 allows inter-
change of the two modes to be made in as little as one-
half hour. This machine is of horizontal construction
and employs a single accelerator tube.
The electron beam la injected into the accel-
erator tube by an electron gun, the design of which was
70 71
adapted from an early television gun, ' ' ' located in the
high-voltage terminal of the accelerator. Electromagnetic
steering and focusing coils, placed on the gun, provide
precise steering and focusing control of the beam out of
the terminal. For the present research, the gun operated
at -15 kV relative to the terminal with 5.1 amperes of
filament current. The latter figure is a compromise be-
tween high output current and long filament life. Maxi-
mum beam output is approximately 100 microamperes while
the filament lifetime is estimated at one to two years
with this arrangement.
Stabilization of the terminal potential is
-104-

provided by two essentially independent systems both of
which provide compensation for high- and low- frequency
fluctuations of the terminal potential. In the first
system, fluctuations of the terminal potential are sensed
by a generating voltmeter, placed in the field of the
high-voltage terminal, which produces a signal propor-
tional to the terminal voltage. This signal was ampli-
fied, rectified and balanced by a d.c. voltage in the
voltage stabilization circuit (hereafter referred to as
the VS circuit). Any deviation from the d.c. level pro-
duces error signals which are then used to control the
high- and low- frequency correction circuits.
High- frequency fluctuations of the terminal
potential are corrected by control of the voltage on a
cylindrical metal liner which surrounds the terminal and
approximately one-third of the support column assembly.
This capacitive liner is able to rapidly change the volt-
age on the terminal simply by a correctly phased variation
of the liner potential.
Low- frequency voltage fluctuations are cor-
rected by adjustment of the amount of charge sprayed on
the charging belt at the ground end of the accelerator.
The correction signal from the VS circuit controls the
potential difference between a set of charging needles
and an Inductor bar by varying the inductor bar potential,
-105-

This In turn controls the amount of charge sprayed onto
the belt. These corrections take place with the VS cir-
cuit in the GV CONTROL mode.
This method of stabilization provides an energy
stabilization of approximately + 2 keV at 2 MeV. However,
thermal expansion of the pressure vessel and the terminal
support structure makes an accurate and repeatable energy
calibration quite difficult. For this reason, a second
system is used.
In this second system, the electron beam is mo-
mentum analyzed in the field of a 60 degree sector-field
94
magnet designed by C. P. Browne. Before entering and
after exiting the field of this magnet, the electron beam
passes through slits which constrain the electron tra-
jectories to a fixed geometry. The signals from the
electrically Insulated LEFT and RIGHT exit slits are com-
pared in the VS circuit (now in the SLIT CONTROL mode)
and the resulting error signal is used to control the
liner potential and inductor bar potential for high- and
low- frequency corrections, respectively. Any drift in
terminal potential with the magnetic analyzing field
held constant allows the beam to move onto one or another
of the energy control slits. The resulting signal im-
balance in the VS circuit £hen produces control signals
to the liner anAAnductoy bar supplies, raising or
-V06-

lowering the terminal potential as appropriate, thereby
recentering the beam and zeroing the error signal.
Energy resolutions of + 0.1 percent at 2 MeV have been





The Beam Handling System
Figure (B-1 ) depicts the beam handling system
and the approximate location of the various devices used
to steer and focus the beam. Proceeding theses have dis-
cussed the beam handling system but pertinent features
will be reiterated here.
The electron beam from the accelerator is
focused onto a phosphor screen at a position approxi-
mately 26 inches outside the accelerator pressure vessel.
This beam viewing screen is marked with two concentric
circles of radii one-eighth inch and one-fourth inch,
with LEFT/RIGHT and UP/DOWN reference axes. The center
of the screen is aligned with the center of the beam pipe
by use of a transit set on the beam line and at the pro-
per beam altitude. The steering coils and focus coils on
the gun are then used to optimize the position and size
of the beam as viewed on the screen. (The screen is
monitored by closed circuit television in order to avoid
hazardous radiation.
)
A set of steering coils (Steering 2) is located
inside the pressure vessel but, in general, is only used to
deflect the beam briefly for monitoring purposes. The
optimumly positioned and focused beam is then directed




























by sets of steering coils (Steering 3,4, and 5) and a
focus coil located immediately downstream of Steering 3.
The object slits are made of .040 inch thick tantalum
with each slit electrically insulated from one another.
Each slit, attached by a shaft to a micrometer head,
moves in a track with a range of three-quarters of an
inch. 95 siit position is repeatable to within + .0005
Inches. Introduction of the movable slits obviates the
necessity to remove the electron slits whenever the ac-
celerator is operated in the positive ion mode. The
slits are arranged to duplicate the fixed slits, which
were previously used, in geometry and aperture size,
forming a rectangle .040 Inches by .050 inches. The
focus coil, positioned about 36 inches outside the pres-
sure vessel, is used to focus the beam on the object
slits. In order to ensure that the beam is maintained
centered at the object slits of the analyzing magnet, the
electrical signals from these slits are fed into differ-
ence amplifiers. The outputs from these amplifiers are
used to control the current through yet another set of
steering coils (AUTO-PILOT Steering). This negative
feedback system acts to keep the beam centered LEFT/
RIGHT and UP/DOWN with respect to the object slits. For
use with the monochromator the low- frequency cut-off of
the AUTO-PILOT circuit was set below 60 Hz in order to
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correct an effective 60 Hz pulsing of the beam and so
provide a more uniform Instantaneous current into the
target foil assembly. Use of the AUTO-PILOT circuit
guarantees beam centering on the object slits 100 percent
of the time and allows 60 to 80 percent of the beam from
the terminal to be directed onto the target foil.
The image slits of the 60 degree analyzing mag-
net, as well as providing energy stabilization, serve as
object slits for a 45 degree bending magnet. This magnet
is designed to focus the beam onto the thin foil brems-
strahlung target. Beam spot photographs taken at the foil
position show the beam diameter to be less than one milli-
meter. As previously noted, the 45 degree deflection
magnet also serves to reduce photon background and to
eliminate slit scattered electrons from the beam incident
on the foil. These functions have also been described in
some detail by Malaker.™
A set of steering colls (Steering 6) is located
between the 45 degree magnet and the target foil. The
purpose of this coil is to allow precise and repeatable
steering of the beam onto the center of the foil. The
procedure for centering has been related In the text.
The beam spot photographs mentioned previously verify






An accurate determination of the energy of the
monochromatic photons requires an accurate knowledge of
both the incident electron and post-bremsstrahlung elec-
tron energies. The momentum of the incident beam is
analyzed in a 60 degree deflecting magnet while the mo-
mentum of the degraded post-bremsstrahlung electrons is
analyzed in a 120 degree bending magnet in the monochro-
mator.
1 • The 60 Degree Analyzing Magnet
The momentum of the incident beam is proportion-
al to Bj>
,
the magnetic rigidity, and the energy of the
electrons can be related as a function of this quantity.
Since the j> , radius of curvature, of the electron beam
passing through this magnet is constant for fixed slit
geometry, a measurement of the energy of the high-
frequency limit bremsstrahlung photons using a sensitive
high resolution detector will yield the energy of the
electrons as a function of the field in the analyzing
magnet
.
A suitable high resolution detector for these
photons is resonance scattering from well-known nuclear
energy levels. For the present calibration the first
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I27Al were used. Both levels have widths of order 1 00 MeV
and have been measured In this laboratory to have energies
of 2.125 + .004 MeV and 2.985 + .003 MeV, respectively. 96
These measurements have been confirmed to less accuracy
in other laboratories. 97 * 98 > 99 The measurements were
made by the isochromat technique described in detail in
the thesis of P. G. Loscoe. 90 In brief, the energy of
the beam is set below the energy of the level being mea-
sured and is then raised in small energy steps until the
incident electron energy is 50 to 100 keV above the energy
of the level. The result is a yield curve which contains
a step which goes from background to maximum yield in
about 3 keV (the approximate energy loss for a 2 MeV
electron in a thin gold foil). The energy of the level
(or the corresponding value of the magnetic field) is
then taken as the value corresponding to the lower "knee"
|of the curve. (See Figure (C-1).) The resulting iso-
chromats were fit with the curve used by Schaller et al.
in the original measurement in order to reduce subjective
interpretation of the position of the Isochromat "knee".
These curves are plotted versus the measured field, B,
: in the analyzing magnet as shown in Figures (C-1) and
(C-2). The Bo values for the known level energies were
then used to determine the radius of curvature of the
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Results of calibration of the analyzing magnet.
ucieus and Level Energy B BMEAS. J* ERROR
(MeV) (gauss-cm.) (gauss) (cm.) (cm.)
11 B 2.125 8625.9 308.2 27.96 ±.05
27A1 2.985 11536.1 412.2 27.99 ± .03

value ofj> was determined to be 27.98 + .05 centimeters
by these measurements.
The field in the momentum analyzing magnet was
determined by measurement with a Raws on-Lush (Type 8245)
rotating coil gaussmeter. This device is mounted through
the zero degree port of the magnet. The accuracy of the
gaussmeter was checked by comparison with a nuclear mag-
netic resonance probe which was in place in the magnetic
field. The results of this comparison are presented in
Table (C-2). The average difference between the NMR probe
and gaussmeter measurements was 0.1 percent.
Changes in the calibration of this system took
place if the magnet was not operated In a uniform manner.
If the magnetic field was cycled between saturation (or
near saturation) and residual field levels before each
period of data collection plus making all field changes
in an increasing manner, then no deteotable changes in
the calibration were found.
2. The Monochromator Magnet
The momentum of the degraded post-bremsstrahlung
electrons was analyzed by a 120 deflection in the inclined
plane pole face magnet located In the monochromator
vacuum box. To calibrate this magnet, two different
methods were used.




omparison between measured magnetic fields by NMR and the Rawson
aaeter.






radioactive sources ^'Cs and Bi, with energies 625
and 970 keV, respectively, were used to obtain rotating
coil output voltages proportional to the field in the
magnet. These rotating coil voltages were then plotted
versus the value of magnetic field which would be neces-
sary to bend these electrons through the radius of
curvature, jd
,
of the 60 degree analyzing magnet (this
step was necessary in order to use these data in con-
Junction with the second method).
Additionally, the method developed by Kalaker
was used. In this procedure, the foil was removed from
the foil holder. The beam was then centered using the
technique described in Section (IV-B). The magnetic field
in the monochromator was then varied until the beam passed
through the exit slit and was collected in a Faraday cup,
which replaced the electron detector. The rotating coil
output voltage was recorded as well as the B field in the
analyzing magnet. The incident beam energy was then
changed and the process was repeated. In this manner a
calibration curve, rotating coil output voltage versus
field in the analyzing magnet, and therefore versus mag-
netic rigidity was determined. The data were fit by the
method of least squares to a straight line and the re-
sults are presented in Figure (C-3).




Monochromator rotating coil output
voltage plotted versus the magnetic
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of wire mounted on a brass shaft and driven by a 60Hz
synchronous, 220 volt, 3-phase motor. The coil output
voltage was measured by a Kintel Digital Voltmeter (Model




Analog Ray Tracing Device
Referring to Figure (D-1 ) , the analog ray-
tracing device, or the "Bug^' is a three wheeled device
with a ball-point pen centered on the rear axle at point
A and has a steerable front wheel which rotates about a
vertical axis through point B; with the front wheel turned
at an angle o(
, movement of the device causes the ball-
point pen to trace a curve of radius p , as indicated,
while the front wheel moves through a curve of radius f '
.
The angle cy is related to the parameters of the "Bug"
through
"fan oc * L
S
However, for either small angles oc or large values of f
and p
1
, the approximation f -f
l can be made and








where p = mv
and so tan oc can be rewritten as
-fan oc = L Be / p
i

























and since previous sections show that
the expression can be written as
•tan ex * Li ;
Kr
or writing L/K = K* , the result is
tan oc g K
r
and the desired trajectory can be drawn (to the proper
scale set by the adjustable length L) simply by calcula-
ting the appropriate value of °( . For the 1/r field of
the monochromator, an instantaneous value of a exists at
every point in the trajectory and so only an approximate
curve can be drawn. The ray-tracing is completed by
tabulating the values of <* corresponding to penetrations
r into the magnetic field. The steerable wheel is set for
this angle and "driven" across the paper to the next r-
value, r + A r, where the new alpha value is set for the
wheel. The procedure is repeated until the edge of the
field is reached. The wheel is then set for straight
travel and the trajectory completed. The angle, c* , ie
only accurate to .5 degrees but for a large scale drawing
introduces no major error. In the case of 1/r fields this
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procedure requires many settings of the angle, ex
,




Evaluation of the Monochromatic Technique
The successful use of the monochromator in
measurements of pair creation cross sections raises ques-
tions as to the efficacy of the technique for other physi-
cal measurements. As well, the inability of the present
device to provide the high transmission values which were





The monochromatic technique provides a high
intensity flux of monoenergetlc gamma-rays which can be
resonantly scattered from low-lying energy levels in
various nuclei. The increased transmission of the Notre
Dame monochromator coupled with the measured figure of
merit near unity prompted re-examination of NRF experi-
ments. The 2.125 MeV level in B was used in a series
of experiments in order to test the usefulness of the
present system in nuclear level studies. Twenty-three
runs were conducted using the target nucleus. Two of
these runs were successful in providing a yield with a
statistical uncertainty of less than twenty-five percent.
These runs were evaluated in the usual manner^ and re-
sulted in a measured width equal to, within the un-
certainty mentioned, the value previously measured in this
-119-

ilaboratory. Since the energy and width of the test
nucleus were both well-known, it was apparent that the
present system produces a monochromatic gamma-ray flux
which was both too low in intensity and not finely enough,
resolved in energy to conduct such measurements on narrow
levels of unknown energies. (It should be pointed out
that the twenty-one runs which did not produce the ex-
pected yield were determined to have failed primarily due
to timing and/or energy stability difficulties.) Com-
parison with data taken on this level using the high
frequency limit of the bremsstrahlung spectrum revealed
that the photon flux of monoergic gamma-rays was approxi-
mately one-third as efficient as the tip method.
Achievement of a transmission of 1 to 2 percent, while
maintaining the figure of merit at unity, would allow the
monochromatic technique to be as much as six times more
effective than the high frequency tip method.
2. ( T tn) Reactions
Another possible use of the monoergic photon
flux is in the study of the ( T f n) cross section in
various nuclei. The details of such a study have been
presented by Walter and Shea. Briefly, the use of a
monochromatic photon flux would allow determination of the
detailed shape of the photodls integration cross section
near the threshold energy without unfolding the yield
-120-

from an integral photo-neutron yield curve and without
the necessity of making any assumptions concerning the
spectral and angular distributions of the Incident brems-
strahlung radiation. A monochromator designed for use
with the new .iotre Dame Tandem Van de Graaff accelerator
would be especially useful for the wide range of ( Y ,n)
measurements this accelerator will make possible.
3. Bremsstrahlung Cross Section Measurements
The present monochromator is suitable for use
in a comprehensive series of measurements on the spectral
and angular distribution of bremsstrahlung radiation for
fractional photon energies up to .75. These measurements
would provide values for the cross section differential
in photon energy and angle and, with a monochromator set
up for adjustable transmission values, would also give
cross sections triply differential in photon energy,
photon emission angle, and electron emission angle. Op-
timum measurements would require a transmission starting
near two percent and with a capability of being reduced
to very small values (this can be arranged using movable
slit apertures). The bremsstrahlung measurements con-
ducted in this research demonstrate the efficacy of this
type of measurement.
4. Possible Technique Improvements
When the monochromator was originally conceived,
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transmissions of the order of two percent were considered
to be within easy reach. With such a high transmission,
the monochromator would provide the experimentalist with
a source of monoenergetic photons with as much as six
times the available intensity using the high frequency
limit of the bremsstrahlung spectrum. A transmission of
one percent would provide a source comparable to the tip
technique. Inability to reach the desired transmission
values raises, then, the obvious question of how to improve
the monochromator to attain the theoretically possible
results. Some general suggestions will be made on pos-
sible methods of proceeding.
First of all, one clarifying point should be
reiterated. The design of the present device was adapted
from a spectrometer which used an entrance angle of 90
degrees. For use as a monochromator, the entrance angle
was changed to 120 degrees in order to deflect the higher
energy main beam away from the walls of the vacuum
; chamber and into a graphite collection box. This change
reduced the available geometric solid angle of four per-
cent of 4tt to 2.24 percent in the final configuration.
.Since the optimum configuration of such spectrometers, as
reported in the literature, allows at most fifty percent
of the available geometric solid angle, the maximum




device indicates the present spectrometer may be operating
at its practical limit. (Recall that 90 percent of the
geometric solid angle was attained without slits or
baffles with a resolution of 18 percent.) Thus, the ma-
jor item to be considered in improving the monochromatic
technique is raising the attainable transmission, without
sacrificing resolution.
a) Pole Piece Design
The theoretical evaluation of magnetic sector
spectrometers with l/r fields as conducted by Jaffey et
al. provides an ideal starting point for the design of a
practical magnet. Close attention to the detailed con-
sideration of fringe field effects should allow develop-
ment of a theoretical design not too far removed from the
optimum in reality. However, empirical determination of
the final optimum profile shape is the sole practical
criterion (i.e., the working version must be extensively
100
laboratory tested). The method used by Bisgaard in
the development of a single gap beta-ray spectrometer is
to be emulated (I.e., emperical shaping of the pole piece
profile by study of the focal point of each ray of en-
trance angle, ^ a K Though tedious, this method seems
to come closest to producing an optimum magnet.
Strict attention must be paid to the pole piece
profile in the vicinity of the pole piece symmetry axis
-123-

a9 anomolous fringe field effects arise at this point.
Use of a larger, deeper pole piece would allow
a somewhat smaller entrance angle and would eliminate the
necessity of passing the beam near the vertical baffle.
Bending the main electron beam through an angle
less than 90 degrees would also allow use of a smaller
entrance angle and, if a smaller rotating coll or a Hall
probe was used as a field monitor, would increase the
available geometric solid angle. Problems of background
and geometry make this approach subject to severe re-
strictions but it is not without merit.
Use of an asymmetric pole piece design would al-
low the focal point of the system to be placed far from
the entrance point of the main beam since the focal point
could be almost arbitrarily located. A problem of main-
taining sufficient distance between the main beam and the
vacuum chamber is the major restriction in this case.
For a high energy beam such as 1b available
from Tandem accelerators, the rectangular design as used
by O'Connell et al. at Illinois is worthy of consideration
The small angular spread of the post-bremsstrahlung elec-
trons tends to compensate for the low transmissions
inherent in this design. Simplicity of design and con-
struction are also meritorious features. Charge normal-
ization poses the greatest problem since such a design
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will net, deflect the main beam more than a few degrees
in the magnetio field unless a very large magnet is -used.
b) System Size
The introduction of an exit baffle in the pre-
sent mo.iochromator played a role in reducing the anomol-
ously large electron count rate. The placement of this
baffle forced the main beam to be maintained in a position
further from the electron exit slit than had previously
been done. This effect contributed, at least in part,
to a reduced electron count rate and was taken as evidence
that the main beam should be kept as far from the electron
detector as possible.
Since the effects of increasing the size of the
system are linear to first order, the separation between
the exit slit and the region of the vacuum box in which
the main beam is monitored could be enlarged by use of a
larger magnet-vacuum box system.
As well, the present design was originally used
under the assumption that the full + 15 degrees opening
angle would be available for use in focusing the elec-
trons. Due to fringe field effects, this assumption is
valid only for a perfect point source. To avoid inter-
action between elastically scattered electrons and the
pole pieces, use of a larger opening angle, say + 20 de-
grees, baffled to a smaller angle, say + 15 degrees, is
-125-

important. (Use of such a procedure on the present
system gave a deleterious effect on the transmission due,
most likely, to the severe restriction imposed on the
available geometric solid angle.)
c) Detection System and Electronics
The present single electron detector could be
replaced by several such detectors in the following man-
ner. The plastic scintillator now in use would be re-
placed by, say, six plastic scintillators each using an
optical fiber connection to its multiplier phototube.
Thus, the current now carried by one phototube would be
spread over six PM tubes and the total electron count rate
could be raised. There are a number of problems associ-
ated with this scheme. One is the dimensions of the exit
slit and, thus, the imposed size of the scintillators and
light pipes. Another is the prevention of scattering of
the electrons from one scintillator to another (due to
their close proximity) producing, in effect, two or more
coincidences rather than one. Increasing the size of the
;magnet would assist in reducing these problems as some
increase in slit size would result.
Use of the RCA-8575 multiplier phototube in both
the electron and photon detection systems would allow
lower discriminator settings due to the inherently low
noise characteristics of this phototube. Use of this
-126-

phototube and time-to-height conversion coincidence
systems produce resolving times in the one nanosecond
region using Nal(Tl) detectors.
While changes in the detection and electronic
systems would not Improve the efficiency of the mono-






The transmission and resolution of the inclined
plane pole-face spectrometer was measured using the 625
1 "57ke/ K-conversion electron line of Cs. The source wae
centered at the bremsstrahlung foil position and the
number of electron counts detected was measured as a
function of the monochromator magnetic field.
The resolution is defined by
R = ^p/p
where ap is the full width at half-maximum of the de-
tected conversion line. The transmission is defined by
T= NeCpeaK)/ Ne (.total)
where Ne(peak) is the number of electrons per second
counted in the electron detector at the peak of the K-
converslon line and Ke( total) is the total number of K-
conversion electrons emitted per second by the source.
lie (total) is determined by measuring the strength
1 ~*n
of the 661 keV transition in the J Cs source, then multi-
plying this value by ^ K t the known K-conversion
coefficient.
The transmission can be related to the half-







1) W. A. Heitler and F. Sauter, Nature 122, 892 (1933).
2) H. A. Bethe and W. A. Heitler, Proc. Roy. Soc.
(London) A146, 83 (1934).
3) J. C. Jaeger and H. R. Hulme, Proc. Roy. Soc.
(London) A1^3. 443 (1936).
4) J. C. Jaeger, Nature 121, 781 (1936).
5) J. G. Jaeger, Nature 148, 86 (1941).
6) H. Davies, H. A. Bethe, and L. C. Maximon, Phys. Rev.
22. 788 (1954).
7) H. A. Bethe and L. C. Maximon, Phys. Rev. £2» 768
(1954).
8) D. S. Moroi and C. L. Hammer, Nuovo Cimento 2P_> 1396
(1963).
9) J. Chadwick, P. M. S. Blackett, and G. P. S.
Occhialini, Proc. Roy. Soc. (London) A144 . 235
(1934).
10) J. Chadwick, Proc. Roy. Soc. (London) A142 . 1 (1933).
11) L. Meitner and K. Phlllpp, Naturwiss. 2J_, 286 (1933)
and 24, 486 (1933).
12) M. Curie and F. Joliot, C. R. Acad. Sci. Paris 1 96 .
1105 (1933) and 126, 1581 (1933).




14) M. Immellmann, Naturwias. 24, 61 ( 1 936)
.
15) H. Klarman and W. Bothe, Z. Phys. 101_, 489 (1936).
16) G. D. Adams, Phys. Rev. J4, 1 707 (1943).
17) G. D. Adams and A. T. Nordsieck, Phys. Rev. 63, 60A
(1943).
18) R. L. Walker, Phys. Rev. J6, 527 (1949) and J6, 1440
(1949).
19) J. L. Lawson, Phys. Rev. J5., 433 (1949).
•20) J. W. Dewire, A. Ashkin, and L. A. Beach, Phys. Rev.
82. 505 (195U.
21) C. R. Emigh, Phys. Rev. 86, 1028 (1952).
22) E. 3. Rosenblum, E. F. Schrader, and R. M. Warner,
Phys. Rev. 88, 612 (1952).
23) B. Hahn, E. Baldinger, and P. Huber, Helv. Phys.
Acta 2£, 505 (1952).
24) I. E. Dayton, Phys. Rev. 8£>, 544 (1953); P. Schmld
and P. Huber, Helv. Phys. Acta 2J, 152 (1954); H. I.
West, Phys. Rev. lpj_, 915 (1956); S. Staudi 1 and R.
D. Moore, Canad. J. Phys. ^4, 1126 (1956); S.
Standil and V. Shkolnlk, Canad. J. Phys. 35, 1 1 56
(1957) and 36, 1154 (1958); P. P. Singh, H. W. Dasso,
and G. M. Griffiths, Canad. J. Phys. ££, 1055
(1959).
25) J. Rama Roa, V. Lakshminarayna, and S. Jnanananda,
Proc. Phys. Soc. 81, 949 963).
-131-

26) J. Rama Roa, V. Lakshminarayna , and S. Jnanananda,
Indian Jour. Appl. Phys. 1, No. 6, 1 99 ( 1 963 )
.
27) T. Yamazaki and J. M. Hollander, Phys. Rev. 140
.
B63O (1965).
28) G. E. Dick, Ph.D. Thesis, Univ. of Notre Dame (1961).
29) J. W. Weil and B. D. McDaniel, Phys. Rev. 86, 582
(1952).
30) J. W. Well and B. D. McDaniel, Phys. Rev. £2, 391
(1953).
31 ) R. Cence, Ph.D. Thesis, Univ. of California,
UCRL-8921 (1959).
32) J. Goldemberg, Phys. Rev. 21$ 1426 (1954).
33) J. S. O'Connell, P. A. Tipler, and P. Axel, Technical
Report 21, Univ. of Illinois (1961).
34) P. A. Tipler, P. Axel, N. Stein, and D. Sutton,
Technical Report 33, Univ. of Illinois (1962).
35) F. T. Kuchnir, Ph.D. Thesis, Univ. of Illinois
(1965).
36) R. L. Walter, M. S. Shea, and W. C. Miller, Bull.
Am. Phys. Soc. £, 479 960).
37) 0. Kofoed-Hansen, J. Lindhard, and 0. B. Nielsen,
Mat. Fys. Medd. Dan. Vld. Selsk 2^, No. 16 (1950).
38) 0. B. Nielsen and 0. Kofoed-Hansen, Mat. Fys. Dan.
Vld. Selsk 2%, No. 6 (1955).
-132-

















F. Sauter, Ann. Physik, 20, 404 (1934).
L. I. Schiff, Phys. Rev. 83, 252 ( 1 951 )
.
R. L. Gluckstern and M. H. Hull Jr., Phys. Rev. £0,
1030 (1953).
H. Amrehn, Z. Physik U4, 529 (1956).
D. Ross, Ph.D. Thesis, Univ. of Wurtzberg (1957).
J. W. Motz and R. C. Placious, Phys. Rev. 109 . 235
(1958).
J. W. Motz, Phys. Rev. 100, 1 56O (1955).
D. H. Rester and W. E. Dance, Phys. Rev. 1 61 . 85
(1967).
N. Starfelt and H. W. Koch, Phys. Rev. J_02, 1598
956).
E. V. Weinstock and J. Halpern, Phys. Rev. j_00, 1293
(1955).
J. Pervin, Compt. rend. 197 . 1100 (1933).
V. A. Heitler, Quantum Theory of Radiation . Third Ed.,
Oxford Univ. Press, London (1954).








54) H. A. Bethe and J. Ashkin, Experimental Nuclear
Physics. Vol 1
. Ed. by E. Segre, J. C. Wiley and
Sons, New York (1953).
55) P. V. C. Hough, Phys. Rev. XI, 266 (1948).
56) G. Racah, Nuovo Ciraento VJ, 69 (1936).
57) R. Jost, J. M. Luttinger, and M. Slotnlk, Phys. Rev.
80, 189 (1950).
58) CD. Zerby and H. 5. Moran, Technical Report Oak
Ridge National Laboratory, ORKL-CF-56-1 24 (1956).
59) 0. Klein and Y. Nlshlna, Z. Physlk 52, 853 (1929).
60) W. Franz, Z. Physlk <?8, 314 (1935).
61) P. Debye, Phys. Z. 21, 419 (1930).
62) G. E. Brown, R. E. Pelrels, and J. B. Woodward,
Proc. Roy. Soc. A227
. 51 (1954).
63) J. J. Thomson, Conduction of Electricity Through
Gases
.
Third Ed., Cambridge Univ. Press, Cambridge
(1933).
64) CM. Davisson In Oe-fl-lf Ray Spectroscopy. Vol. 1.
Ed. by £. Slegbahn, North Holland Publishing Co.,
Amsterdam (1965).
65) W. Zernlk, Phys. Rev. 120, 549 960); F. Rohrllch
and R. L. Gluckstern, Phys. Rev. 86, 1 (1952); H. A.
Bethe and F. Rohrllch, Phys. Rev. 86, 10 (1952); P.
Kessler, J. Phys. Radium 12, 739 (1958).
-134-

66) K. G. Standing and J. V. Jovanovich, Can. J. Phys.
40, 622 (1962).
67) H. W. Koch and J. W. Motz, Rev. Mod. Phys. 2L, 920
(1959).
68) G. Racah, Nuovo Cimento H_, 476 (1934).
.69) P. T. McCormlck, D. G. Kiefer, and G. Parzen, Phys.
Rev. 102, 29 (1956).
70) J. J. Kepes, Ph.D. Thesis, Univ. of Notre Dame (1957).
71) D. R. Connors, Ph.D. Thesis, Univ. of Notre Dame
(1956).
.72) H. W. Richardson, Proc. Phys. Soc. (London) £2, 791
j
(1947).
73) H. 0. W. Richardson, Phil. Magazine 40, 233 (1949).
74) A. H. Jaffey, C. A. Mallmann, J. Suarez-Etchepare,
and T. Suter, Technical Report Argonne National
Laboratory, ANL-6222 (1960).
75) G. Knop and W. Paul in PL-fit Ray Spectroscopy.
Vol. 1 t Ed. by K. Siegbahn, North-Holland Publishing
Company, Amsterdam (1965).
76) W. Bothe, Handbuch der Phys Ik. 22/2 . Springer-
Verlag, Berlin (1932) p. 1.
;77) E. J. Williams, Proc. Roy. Soc. A169 . 531 (1950).
78) G. Moliere, Z. Naturf. 2a, 78 (1948).




80) A. 0. Hanson, L. K. Lanzl, E. M. Lyman, and M. B.
Scott, Phya. Rev. 84, 634 (1951).
81 ) L. A. Kulchitsky and G. D. Latyshev, Phys. Rev. 6]_,
254 (1942).
82) W. Paul and H. Reich, Z. Phys. \2J_t ^29 (1950).
83) G. Knop, A. Mint on, and B. Nellen, Z. Phys. 1 65 .
533 (1 961 ).
84) A. Febel and G. Knop, Z. Phys, 124, 257 963).
85) RCA Electron Tube Handbook, HB3, Radio Corporation
of America, Harrison, New Jersey.
86) P. R. Chagnon, Private Communication.
87) C. M. Davisson and R. D. Evans, Rev. Mod. Phys. 24,
79 (1952).
88) R. L. Heath, A. E. C. Report IDO-16408 (1957).
89) C. E. Crouthamel, Applied Gamma-Ray Spectroscopy .
Pergammon Press, London (1960).
90) P. G. Loscoe, Ph.D. Thesis, Univ. of Notre Dame
(1966).
91) J. Huck, C. R. Acad. Sc. Paris 6, 260 (1 965).
,92) T. Jenkens, Bull. Am. Phys. Soc. 1, 167 (1956).
93) C. P. Browne, A. L. Schaller, W. C. Miller, and
S. E. Darden, Nucl. Inst, and Methods ^0, 145 (1964).
94) C. P. Browne, J. A. Caley, J. E. Erskine, and K. L.
Worsh, Phys. Rev. J_20, 905 (I960).
95) R. J. Foust, (to be published).
-137-

96) A. L. Schaller and W. C. Miller, (to be published).
97) E. C. Booth and K. A. Wright, Nucl* Phys. 25, 472
(1962).
98) E. C. Booth, B. Chasan, and K. A. Wright, Nucl. Phys.
51 (1964).
99) P.M. Endt and C. Van der Leun, Nucl. Phys. ^4, 1
(1962).
100) K. M. Bisgard, Nucl. Inst, and Methods 2^, 213
(1964).
1 01 ) J. P. Hurley, V. L. Dagragnano, and J. M. Mathiesen,








Absolute pair creation cross sections us
' !|ll||||||||
3 2768 002 01077 9
DUDLEY KNOX LIBRARY
